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Recent development of multifunctional communication systems capable of processing large amount 
of data has triggered the demand for novel payload configurations with advanced filtering functions. To 
increase the payload flexibility, a large number of multiplexer and filter networks with different 
frequency plans are usually employed for the transmitting downlink. Multi-band filters are the required 
function in many cases for minimizing integration complexity and reducing size and mass of space 
systems. The multi-band filters combine the frequency spectrums of non-contiguous channels before 
transmitting through antenna beams, and provide sufficient rejection to the frequency spectrums of the 
adjacent channels, thus maintaining a high signal-to-interference ratio especially in multi-beam 
frequency-reuse communication systems.  
Traditional approaches to realize multi-band filters do not offer advantages in terms of size and mass 
reduction. Multi-mode resonators have the advantage of size reduction; however they are not often used 
in multi-band applications due to the challenges of operating the multiple modes in prescribed passbands 
simultaneously. The main research objective of this thesis is to investigate the feasibility of designing 
multi-band filters based on high-Q multi-mode resonators. Various multi-mode waveguide and 
dielectric resonators are explored to realize multi-band filters. The proposed multi-band filters do not 
require junctions and can achieve an equivalent performance with fewer cavities, thus significantly 
reducing the footprint when compared to traditional approaches. Furthermore, tunable multi-band filters 
with a constant absolute bandwidth and minimum performance degradation during the tuning process is 
investigated and developed. 
A systematic design approach of designing multi-band filters based on multi-mode resonators is 
established in this work starting from the coupling-matrix synthesis of the multi-band network. 
Following that, dual-band filters based on elliptical and rectangular dual-mode resonators are proposed. 
The two passbands of the dual-band filter are carried by two independent cavity modes and realized by 
an inline direct-coupled configuration. The inline dual-band filter design can convert to a diplexer 
structure by modifying the output ports at the end-resonators. To improve near-band frequency selection 
of both channels, multiple configurations are proposed to realize quasi-elliptic dual-band filter functions. 
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The first quasi-elliptic design is based on a combination of dual-mode and single-mode rectangular 
resonators resulting in multiple transmission zeros and improved spurious response. The second 
structure is a side-coupled design based on dual-quadruplet configuration featuring a pair of 
transmission zeros on each of the passband and a very compact layout. Limitations of the quasi-elliptic 
design are investigated and modified structures have been proposed with improved RF performances.   
Triple-band filters are realized by three types of high-Q cavity resonator structures. Each cavity 
resonator employs triple-modes with resonant frequencies associated with the three passbands. The first 
design was an elliptical waveguide triple-band filter with an in-line configuration. Each passband of the 
filter was controlled by a dedicated polarization and represented by an inline direct-coupled set of 
resonators. The second design was a rectangular-cavity triple-band filter with a folded configuration. 
The folded configuration overcomes a number of drawbacks from the elliptical in-line design including 
an improved tunability and ease of assembly. The last design was a triple-band filter design based on 
dielectric loaded cavity resonators. The unique dielectric resonator structure results in triple-band filters 
having a very compact size, high Q, and stable thermal response. 
Further adding tuning capability to the multi-band filter can provide an additional degree of flexibility 
for the communication payload. A tunable multi-band filter with a constant absolute bandwidth is 
developed based on combline resonator and requiring only a single tuning element. The performance is 
demonstrated with an in-house-developed tuning station. It achieves a constant selectivity over a tuning 
range of 170 MHz and an unloaded Q better than 3000.  
The novel filter configurations proposed in this thesis promise to be useful not only for satellite 
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1.1    Motivation 
The recent development of multifunctional communication systems capable of processing large 
amounts of data with high level of flexibility has triggered the demand for novel bandpass filtering 
structures with advanced filter functions [1]. Over the past few years, the multi-band filtering has 
become a required function in the communication payload for increasing the integration of complex 
filtering and multiplexing sub-systems [2]. For instance, the new generation of high throughput satellite 
(HTS) system requires a flexible allocation of the frequency bandwidth (BW) to beams. This can be 
achieved by employing a large number of multi-band filters to collect multiple channels that are non-
continuous and transmit them to the designated geographical regions. Figure 1.1.1 illustrates an example 
where two spot beams, each with two non-continuous frequency bands are transmitted to different areas 
on the ground based on the demographical requirement. The dual-band filtering configurations collect 
two non-adjacent passbands for the designated spot beam while rejecting the passbands from other spot 
beams. Similarly in wireless system as shown in Figure 1.1.2, multi-band input/output filters can 
cooperate with multi-band low noise amplifiers and power amplifiers, receiving and transmitting signals 
of multiple wireless carries through a single antenna. Such simplified system architectures enable the 
transponder design with increased number of channels thus improving the system efficiency. 
To cope with high power requirement while maintaining  low insertion loss (IL), the cavity-based 
filters are considered the optimum solution for satellite and wireless base-station applications. Dual-
band cavity filters have been realized with different technologies such as combline [3], dielectric [4], 
and waveguide structures [5]-[6]. However the realization of the triple-band (or more) filter has been 






































Figure 1.1.1:  Multiple bandwidths distributed by multiple spot beams in HTS system. 
 
 









controlling three distinct signal paths when dealing with cavity resonators.  
In general, there are four potential approaches to realize a multi-band filter in a cavity structure:  
1) Implementing the conventional approach,  which can be realized either by using channel-dropping 
components (e.g., circulators) connecting multiple classical single-band filters as shown in Figure 1.1.3 
(a) or by using a multiplexer concept as shown in Figure 1.1.3 (b). In both configurations, the signal is 
channelized and then combined at the output.  This approach is bulky, as it requires the use of two 
combining junctions and one physical filter for each band.    
                                 
(a)                                                                        (b) 
Figure 1.1.3:  (a) Channel-dropping multi-band filter, and (b) Dual-manifold multi-band filter. 
2) Cascading a wide-band bandpass filter with a number of narrow-band bandstop filters as shown in 
Figure 1.1.4. While this configuration has the advantage of modularity and simplicity of design, it is 
limited to the applications of narrow-passband separations between channels. The challenge is to 
maintain good return loss (RL) on both low and high passbands when having a wide stopband between 
the channels.  
 










3) Creating multiple in-band transmission zeros in a high-order bandpass filter to split single band to 
multiple bands. The channel filter BW and passband separations are controlled by the position of 
transmission zeros, which in turn are controlled by the choice of the coupling values between the filter 
resonators, as shown in Figure 1.1.5.  The coupling matrix for such multi-band filter designs are 
generated through synthesis methods reported in [3] and [6]. The topology is equivalent to combining 
multiple single-band lower-order filters to construct a multiple-band feature, employing the same 
number of resonators as using multiple single-band filters. Therefore the size saving in comparison with 
the conventional approaches shown in Figure1.1.3 and Figure 1.1.4 is not significant. In addition, this 
method is not suitable for the cases of wide frequency separations between channels because certain 
coupling values tend to be too large to be realized physically. 















                                          (a)                                                                            (b) 
Figure 1.1.5:  Multi-band filter realization by inserting in-band transmission zeros (a) bandstop 
resonator method, and (b) cross-coupling method. 
4) The use of multi-mode resonators while controlling multiple dominant resonant modes to coincide 
with the center frequencies (CF) of the designated passbands. In Figure 1.1.6, the multiple paths of 
signals are carried by the corresponding designated modes and the channel paths are considered as non-
interacting. A clear advantage of this approach is a dramatic saving in footprint and volume while not 
sacrificing the quality factor (Q).  Since the coupling values in this case only relate to the channel BW 
instead of the overall BW, this method is capable to support much wider frequency separations between 
channels. The challenge is to properly place resonators and irises so that appropriate coupling in the 
structure can be established. Another challenge of this configuration is to realize subscribed transmission 









resonator, as well as how to dedicatedly realize and control the multiple sequential/cross coupling 
between resonators. The multi-band filters developed in this thesis will be all using this configuration 
which provides the highest degree of size saving while not sacrificing RF performances. A potential 
limitation of this method is when the channel passbands are closer, the interaction between the 
designated modes will increase, resulting undesired stray-coupling in the structure. Therefore this 
configuration is not ideal for the circumstances where narrow frequency separations are required 
between the passbands (e.g., less than one BW). 
 
Figure 1.1.6:  Multi-band filter realization by multi-mode resonator. 
In addition to multi-band filters, tunable filters are also in great demand for front-end transceivers in 
a wide range of communication systems, from software-defined radios to reconfigurable satellite 
payloads. An ideal software-defined radio front end has a wide instantaneous BW to cover a broad range 
of radio system protocols and standards. This requires fast analog-to-digital convertors with high 
dynamic range and resolution. A tunable filter could be a premium solution [10]-[11]. In the meantime, 
flexible payloads capable of supporting more beams and transponders (thus having longer lifetimes) 
could be included in the system. The cost per satellite would be dramatically reduced because the same 
payload design could meet the requirements of different satellites. 
To realize a flexible payload, a known approach is to employ multiple input multiplexer (IMUX) and 
output multiplexer (OMUX) units with different frequency plans. Extra RF switching network is 









of the satellite. A tunable filter is an alternative approach for adjusting the frequency plan of the satellite 
as required. In the past, this approach was considered impractical due to the significantly increased mass 
and volume, along with the tuning technologies and reduced reliability of the satellite. As the number 
of satellite beams and the output power of the traveling-wave tube continue to increase, multiport 
amplifiers [12] have become available for servicing multiple beams, with low-power filters defining the 
frequency plan of the satellite. 
The generic architecture of a communication payload with tunable low-power filters is shown in 
Figure 1.1.7. In this configuration, the uplink beams are routed to the channel elements but the spectral 
filtering for the channel now occurs in the tunable channel rather than in the IMUX and OMUX, as 
previously mentioned. Each instance of a transponder is handled by one channel. If the CF and BW of 
the filter can be tuned, each channel can support any transponder need. Also, since each tunable filter is 
now associated with the channel amplifiers (which are already configured with redundancy, due to the 
failure probability of active circuits), the failure of a tunable filter does not result in a loss of capability, 
since a redundant channel and filter can be connected. In conventional architecture with multiple filters, 
the capacity would be reduced if one channel of a filter fails.  
A critical feature for tunable filters is consistent selectivity over the entire tuning range while operating 
in a flexible satellite payload. Consistent selectivity is important due to the expensive frequency 
spectrum of any satellite system. Several technologies for making tunable filters have been reported in 
the literature and industry, such as planar tunable filters that employ solid-state and MEMS varactors 
[13]-[16],[26]-[48]. These have been around for several years but suffer from poor selectivity and 
transmission response variations over the tuning range. The switched filter bank offers discrete 
flexibility but suffers from large mass and size. Yttrium iron garnet filters offer a high unloaded Q, but 
the alignment of the magnetic field must be uniform for all yttrium iron garnet resonators in a multistage 
filter [17], [49]-[51]. This poses a major limitation to obtaining high-order filters with good overall 
performance. Mechanically tunable waveguide filters, on the other hand, offer high unloaded Q and high 
power handling capabilities [52]-[59]. The simplicity and low cost of the mechanically tuned 











Figure 1.1.7:  A generic communication satellite payload block diagram using tunable filters [23]. 
1.2 Objectives 
This prime objective of this thesis is to develop advanced but practical configurations to realize multi-
band filtering function, and to demonstrate the feasibility of realizing compact multi-band high–Q filters 
in waveguide and dielectric resonator realizations. In specific, the following research topics are 
investigated in this thesis: 
 Develop high Q multi-band filters in waveguide form. 
Multi-mode waveguide resonators, which feature high Q along with a compact layout, will be 
examined to realize a multi-band filtering function with industry-standard RF performance.  
 Develop high Q multi-band filters in dielectric form. 
High permittivity dielectric loaded resonator, which dramatically shrink the layout from the 
waveguide implementation, will be examined to realize a multi-band filtering function with 
industry-standard RF performance.  
 Develop techniques to realize advanced filter function for the multi-band filters 
Different methodologies to realize finite transmission zeros beside each passband will be 
examined to improve the frequency selectivity of the multi-band filter.   
 Investigate potential use of multi-band filters in multiplexer applications.  
Multiplexers based on multi-band filters/resonators do not require a manifold and thus 
effectively reduce their footprint. The side-effect of this approach is decreased channel-to-









 Develop tunable or reconfigurable multi-band filters.  
A tunable or reconfigurable multi-band filter is a solution for the advanced satellite flexible 
payload. Mechanical tuning circuits will be studied to be employed into multi-band filters.   
Typically, filter RF performances gradually degrade over the tuning range. Technologies to 
maintain the RL and BW during tuning will be explored in this project. 
 
1.3     Thesis Outlines 
Following the motivation and objectives presented in the previous sections, Chapter 2 reviews the 
literature on multi-band cavity filters, as well as different methods and technologies of tunable filters. 
Chapter 3 presents a generic coupling matrix model synthesis methodology for the multi-band filter 
using multi-mode resonators. In Chapter 4, waveguide dual-band filters and diplexers are introduced. In 
Chapter 5, methods to realize quasi-elliptic filter function of the waveguide dual-band filter are 
introduced. In Chapter 6, waveguide triple-band filters are presented. In Chapter 7, dielectric triple-band 
filters are presented. Chapter 8 introduces tunable multi-band filter. The conclusion and plans for future 














This chapter examines the literature on multi-band filter technologies and tunable filter technologies. 
Various multi-band filters have been introduced in recent years. The survey in this chapter will more 
focus on the realizations of the cavity-based multiple-band filters.   
2.1 Multiple Band filter 
As briefing introduced in the Chapter 1, there are four major technologies to realize multi-passband 
responses, which are introduced in the following sub-sections. 
2.1.1 Channel dropping / Manifold coupled 
The most conventional approach of realizing a multi-band filter is to connect single-band filters with 
circulators or other channel dropping element (e.g. command directional filter, hybrid…). In Figure 
2.1.1.1, three single-band 10-pole dual-mode filters are connected back to back by three pairs of 
waveguide circulators. An outstanding advantage of this configuration is its amenability to module 
integration and ease of design and assembly as a result of the directional property of the circulators. 
There is no limit of the number of channels, and the design difficulty does not accumulate with the 
increase of the channels. However the price is the extra insertion loss, footprint and cost from the 
circulators and other associated hardware. An N-channel multi-band filter would require 2N of 
circulators (or other channel dropping elements) for this configuration. 
Another conventional approach is to use a pair of manifolds to connect multiple single-band channel 
filters [21].  As shown in Figure 2.1.1.2, three 6-pole dual-mode filters are connected back to back by 









dropped approach. This configuration is also capable of providing optimum RF performance in terms 
of IL and GD responses. However the design process is more complicated since all the channels are 
presented simultaneously thus interacting each other. Moreover, each channel (plus junction) must have 
the same length, and input/output waveguide ports must have the same orientation. Therefore the design 
difficulty will accumulate with the increase of the channels although there is no limit of the number of 
channels to be connected with manifolds.  
In general, both approaches support any number of channels but pay the price of increased footprint, 
mass and cost. 
 
             
(a) (b) 
Figure 2.1.1.1:  Conventional circulator coupled dual-band filter realization: (a) block diagram 









              
     (a)                                                                             (b) 
Figure 2.1.1.2:  Conventional junction coupled triple-band filter realization: (a) block diagram 
[21] and (b) H-plane filter model 
2.1.2 Cascaded structure of Bandpass and Bandstop filters 
A multi-passband response can be achieved by combining a broadband bandpass filter and multiple 
bandstop filters. The bandpass and bandstop filters can be synthesized and designed separately, then 
cascaded to fulfill the requirement of multi-passband characteristics. The electrical phase among the 
filters needs to be optimized to achieve the optimum filtering performances of the multiple passbands. 
Similar to the circulator-coupled configuration, this approach also provides amenability to a modular 
concept.  
An example of a dual-band filter response is shown in Figure 2.1.2.1 [20]. Figure 2.1.2.2 illustrates a 
dual-band filter consisting of a bandstop filter and a bandpass filter. The bandstop filter is implemented 
by using a coupled-serial-shunted line structure, while the bandpass filter is constructed by using a serial-
shunted line configuration. The bandwidth of each passband of the dual-band filter is controllable by 
adjusting the responses of both the bandpass filter and the bandstop filter. The measurement results are 
compared by simulations, as shown in Figure 2.1.2.3.  
This approach also results in increased footprint, mass and cost due to the employment of multiple 









   
(a)                                                     (b)                                                 (c) 
Figure 2.1.2.1:  (a) bandpass response, (b) bandstop response, and (c) dual-band response [20] 
 
Figure 2.1.2.2:  The fabricated dual-band filter [20]. 
              









2.1.3 Transmission zeros inside the passband 
A multi-passband response can be generated by adding transmission zeros inside a single passband. 
In most cases, the transmission zeros are produced either by cross-coupling or bandstop resonators.  
For topologies with cross-coupling, a single wideband filter whose bandwidth covers the entire 
bandwidth of the multi-passband filter is first synthesized as the initial filter. The numerator and 
denominator of its characteristic function are then optimized to determine the prototype function and 
the locations of the reflection and transmission zeros of the multi-band filter. An alternative way to apply 
cross-coupling topology into a multi-band filter is to separately synthesize the characteristic function of 
each multi-individual filter, after which a generalized coupling matrix of the multi-band filter can be 
extracted by optimization. The design parameters of coupling coefficients, resonant frequencies, and 
external quality factors can then be obtained by de-normalizing the generalized coupling matrix [3]. 
Figure 2.1.3.1 (a) illustrates the topology of a 12-pole dual-band design example with cross-coupled 
resonators. Such a configuration is realized by a combline filter design, as shown in Figure 2.1.3.1 (b). 
The four transmission zeros generated by the negative cross-coupling M14 and M912 are uniformly 
displaced in the stopband. The attenuation of the inner stopband can easily be controlled by changing 
the position of the transmission zeros. Figures 2.1.3.2 (a) and (b) show two cases of normalized 
responses with different locations of transmission zeros. Another practical way to implement cross-
coupled resonator is with cylindrical dual-mode cavities [6]. The inline architecture connecting multiple 
dual-mode cavities has the convenience of realizing both positive and negative cross-couplings. An 11-
pole, 4-transmission zero, dual-band filter example and its performances are shown in Figure 2.1.3.3.  
          
                                      (a)                                                                                (b) 










(a)                                                                                (b) 
Figure 2.1.3.2:  Dual-band prototype response (Ω domain) with (a) un-equirippled stopband, and 
(b) equirippled stopband [3]. 
 
 
(a)                                                                                (b) 
Figure 2.1.3.3:  Realized 11-pole 4-zero dual-band filter with dual-mode cavities, and (b) 










The topology with transmission zeros generated by bandstop resonators can be analytically 
synthesized from the generalized low-pass prototype with Chebyshev or quasi-elliptic responses [9] [22]. 
The design parameters of coupling coefficients, external quality factor, and resonant frequencies can 
then be obtained. In this topology, the bandstop resonators are properly coupled to the bandpass 
resonator, which comprises the inverter-coupled resonator section. This section can be used as the basic 
unit for the dual-passband and multi-passband filters, in which every band has the same in-band and 
out-of-band responses. 
Figure 2.1.3.4 shows the topologies of inverter-coupled resonator sections consisting of one bandpass 
resonator and one or two bandstop resonators. The bandstop resonators are coupled to the bandpass 
resonator through the admittance inverters in order to achieve dual- and triple-passband filtering 
responses. Figure 2.1.3.5 shows the transmission responses of the inverter-coupled resonator sections 
for the dual- and triple-passband filters. The frequency is normalized to that of the transmission zero for 
the dual-passband filter, while the frequency is normalized to that of the middle reflection zero for the 
triple-passband filter. These two types of sections can be used, respectively, as basic building blocks for 
the construction of dual- and triple-passband filters.  
 
     
(a)                                                                                (b) 











Figure 2.1.3.5:  Transmission responses of the inverter coupled resonator sections for dual-band 
and triple-band filters [9]. 
 
In [9], the inverter coupled resonator is realized by a substrate-integrated waveguide that features low-
cost and high-integration capabilities. Figure 2.1.3.6 (a) shows a geometrical structure of the dual-
passband substrate-integrated waveguide filter with a Chebyshev response. A substrate-integrated 
waveguide cavity bandstop resonator is coupled with a substrate-integrated waveguide cavity bandpass 
resonator through a post-wall iris in the common post wall, which consists of the inverter-coupled 
resonator section. Both bandpass and bandstop resonators operate in fundamental TE101 mode. The 
couplings between two substrate-integrated waveguide cavity bandpass resonators are also realized by 
the post-wall iris in the common post wall. The first/last substrate integrated waveguide cavity bandpass 
resonators are directly excited by 50-ohm microstrip lines with coupling slots. The measurement and 
simulation responses of the dual-band filter are shown in Figure 2.1.3.6 (b). Similarly, a triple-band 
substrate-integrated waveguide filter is shown in Figure 2.1.3.7 (a). Two substrate-integrated waveguide 
bandstop resonators are coupled to a substrate-integrated waveguide bandpass resonator by the post-
wall irises in the common walls. The measurement and simulation responses of the triple-band filters 









      
(a)                                                                                (b) 
Figure 2.1.3.6:  (a) SIW realization of the dual-band filter, and (b) measurement and simulation 
responses [9]. 
 
             
(a)                                                                                (b) 










In [3], the inverter-coupled resonator section is realized by the combline structure working in quasi-
TEM mode. Note that the resonant frequency is achieved by a combination of the length of the inner 
conductor, the cavity dimension, and tuning screws. The positive couplings are realized by the common 
wall of the adjacent cavities, and the input and output couplings are obtained with a tap in the inner 
conductor of the cavity. The layout and RF responses are shown in Figure 2.1.3.8.  
      
(a)                                                                                (b) 
Figure 2.1.3.8:  (a) Combline dual-band filter, and (b) measurement responses [3]. 
2.1.4 Multi-mode resonators 
Multi-mode resonators are used for designing multi-passband filters when their dominant resonances 
coincide with the CFs of multiple designated passbands. A clear advantage of this approach is a dramatic 
savings in footprint and volume while not sacrificing the quality factor. The challenge is to properly 
place resonators and the associated coupling structure so that appropriate coupling in the filter can be 
established. This topology can be analytically synthesized, and an optimization scheme is required to 
design these filters. A potential limitation of this method is when the channel passbands are closer, the 
interaction between the three modes will increase, resulting undesired stray-coupling in the structure. 
Therefore such a configuration is not preferable to the circumstances where the guard-band between the 
passbands are narrow (e.g., less than one BW). Another challenge of this configuration is to realize 
cross-coupling for each passband due to the complicated self- and sequential- coupling mechanisms in 









In [23], a composite resonator consisting of three split-ring resonators is designed as the basic block 
of the triple-band filter. Figure 2.1.4.1 shows a fabricated 6-pole triple-band filter and its S-parameters. 
The split ring resonators are asynchronously tuned, i.e., with different self-resonant frequencies, to meet 
filter specifications.   
         
(a)                                                                                (b) 
Figure 2.1.4.1:  (a) Photograph of manufactured filter and (b) Simulated and measured Responses 
[23] 
A dual-band dielectric resonator constructed from high-K ceramic substrate is presented in [4]. The 
dual-band dielectric resonator shown in Figure 2.1.4.2 (a) is employed to implement dual-band filters. 
The two rectangular slots through the dielectric material are intended to shift the spurious mode to a 
higher frequency. The mode distribution is listed in Figure 2.1.4.2 (b), showing a spurious-free window 
of about 800 MHz. The center frequencies and bandwidths of the first and second passbands can be 
controlled independently. Figures 2.1.4.3 and 2.1.4.4 illustrate the realization of the inter-resonator 
coupling and external coupling of the dual-band filter. Both filters are compact in size with a great 
simplicity in assembly and integration.  They also offer high Q in comparison with microstrip dual-band 












(a)                                                                                (b) 
Figure 2.1.4.2:  (a) Electric-field distribution of the first and second mode and (b) resonant 
frequencies of the dual-band resonator [4] 
 
 
     
(a)                                                                                (b) 
Figure 2.1.4.3:  (a) Inter-resonator coupling structure with the open windows at the center of the 









      
(a)                                                                                (b) 
Figure 2.1.4.4:  (a) External coupling structure with the open windows at the center of the 
resonator and (b) Corresponding coupling coefficient of the first and second passband [4]. 
 
   
(a)                                                                                (b) 
Figure 2.1.4.5:  (a) Photograph and assembly of the dual-band filter and (b) measured and 









Dual-band filter structures are also implemented by waveguide structures. In [5], dual-band filters are 
realized by rectangular dual-mode resonators. Each passband is controlled by a dedicated polarization 
inside the dual-mode resonator in order to reduce the sensitivity of the filter. By switching the 
orientations of the feeding waveguides between in-parallel and in-perpendicular, a transmission zero is 
generated between the two passbands. The layout and S-parameters are shown in Figure 2.1.4.6. 
     
(a)                                                                                (b) 
Figure 2.1.4.6:  (a) Layout of a 3rd-pole dual-band filter by rectangular resonators and (b) 
simulated responses [5]. 
In [24] a combline resonator with dual-band characteristics was reported. The combline resonator is 
comprised of three levels of metallic conductors, as shown in Figure 2.1.4.7 (a). This structure provides 
two asynchronous resonant modes (see Figure 2.1.4.7 (b)) that are used for realizing compact microwave 
dual-band filters. Such dual-band filters offer the low cost, compact size, and ease of manufacturing of 
traditional combline resonator filters, with additional size reductions due to the fact that a single physical 
cavity provides two electrical resonators. In addition, the new cavity introduces a transmission zero in 
the guard-bands, enhancing the filter selectivity while keeping compact inline topology. To show the 
concept, simulations and experimental results of a tenth-order dual-band filter with a measured rejection 









           
(a)                                                                                (b) 
Figure 2.1.4.7:  (a) Layout of the combline resonators with three metallic conductors, and (b) 
electric field pattern of the first and second modes of the dual-band resonators [24]. 
 
  
(a)                                                                                (b) 
Figure 2.1.4.8:  (a) Layout of the 10th pole dual-band filter, and (b) Experimental results of the 









 In [25], an in-line design of a dual-band filter based on a hybrid resonator with widely separated 
passbands is proposed. The hybrid resonator combines a waveguide cylindrical cavity and a resonant 
slot, as shown in Figure 2.1.4.9 (a). The resonant slot inside the cavity produces a resonance at a low 
frequency compared to cavity TE11m resonance, as can be seen in Figs. 2.1.4.9 (b) and (c). The two 
widely separated resonances can be tuned independently in the resonator. Furthermore, the dual-mode 
structure offers a good rejection of unwanted resonances, producing a widely separated dual-band 
response. The concept is experimentally verified by a four-pole filter in Figure 2.1.4.10.  
     
(a)                                                    (b) 
 
(c) 
Figure 2.1.4.9:  (a) Hybrid dual-mode structure composed by a rectangular slot inserted within a 











(a)                                                                                (b) 
 
(c)                                                                                (d) 
Figure 2.1.4.10:  (a) 4-pole Dual-band filter, (b) fabricated filter parts of the filter, (c) comparison 
of simulated and measured RL for the four-pole filter, and (d) comparison of simulated and 
measured IL for the four-pole filter [25]. 
2.1.5 Comparison  
The approaches introduced above have their pros and cons and shall be employed accordingly to 
different requirements and scenarios. A compassion of their characteristics are listed in the table 2.1. As 
can be observed, in spite of more limitations compared to other approaches, the multi-band filtering 
realization using multi-mode resonator will provide the highest saving on footprint, mass, size and cost. 










Table 2.1  Comparison of Approaches to Realize N-band filter 





N× BPF  
(Channel dropping) 
 No interaction between channels 
 Advanced channel filter function 
 No limit for # of passband 
 High Insertion Loss 
Low Large High 
N× BPF  
(Manifold) 
 Advanced channel filter function 
 No limit for # of passband 
 Optimum RF response 




1× BPF +  
(N-1) ×  BSF 
 Modular concept 
 No limit for # of passband 
 High Insertion Loss 
 Limit to narrow guard-band 
Low Large High 
Creating (N-1) 
transmission zero 
inside the passband 
 Coupling Matrix representation  
 Advanced channel filter function 
 Passband #  ≤ 4 
 Limit to narrow guard-band 
High Medium Medium 
Employing N-mode 
Resonators 
 Coupling Matrix representation  
 Passband #  ≤ 3 
 Mostly with Chebyshev function 
 Limit to wide guard-band 
 Limit to bandwidth <2% 











   
Chapter 3 
Coupling Matrix Synthesis of the 
Multi-band Filter    
 
3.1 Introduction 
Coupling matrix [60] model is an efficient tool to represent RF characteristics (e.g. filter order, RL, 
rejections) of the filter. The coupling matrix parameters are able to link with the physical parameters of 
the filter hardware, especially for the cavity-based coupled structures. The coupling matrix also enables 
us to account for electrical characteristics of each element, such as the Q values for each resonator cavity 
and different dispersion characteristics of the various types of sequential and stray coupling within the 
filter. All these are difficult or even impossible to achieve by a polynomial representation. Moreover, 
operations on coupling matrix can be applied, such as inversion, similarity transformation, and 
partitioning. Such operations simplify the synthesis and performance simulation of complex circuit 
topologies, and provide the feasibility to extend the coupling matrix from single passband to multiple 
passbands.   
In this chapter, the procedure of synthesizing coupling matrix of single-band filter is first reviewed 
and detail steps of transferring single-band coupling matrix to multi-band coupling matrix are introduced. 
The synthesized coupling matrix of the multi-band filter provides the circuit model responses which are 
the guidance for the various hardware implementation in the following sections.  










3.2 Coupling Matrix for Multi-band Filter Network 
The coupling matrix synthesis of a single-band filter is explained in detail in [60]. With a given filter 
order, passband ripple and prescribed zero position, the N+2 coupling matrix can be determined. The 
coupling matrix can be performed similarity transforms (rotations), eliminating the unwanted coupling 
matrix entries and only remaining the ones that can be realized by filter resonators in preferred 
configurations.  
An equivalent circuit of proposed multi-band filters, in terms of inverters and resonators is shown in 
Figure 3.2.1. In each multi-mode cavity, there are N resonant modes arranged to carry the signal of P 
designated passbands, and the P resonant modes in each cavity can be designed with no (or minimum) 
mutual coupling. The input and output ports directly couple to all P modes in the first and last resonator. 
Such configuration results a minimum interaction between any two paths when the channel frequencies 












Cavity 1 Cavity 2 Cavity N-1 Cavity N
N+1 2N2N-1N+2
 
Figure 3.2.1: Equivalent circuit of the P-band filter based on multi-mode Resonator 
Because of the non-interaction feature among the signal paths, the coupling matrix of the equivalent 
circuit in Figure 3.2.1 to yield a specific response can be determined by an extension of the single-band 
filter synthesis technique with numerical optimizations. Assuming a P-band filter, the CF of all the 
channels are f1, f2…fP, and the BW of all the channels are BW1, BW2….BWP. If all the channels have the 









would be the same. The coupling matrix of the full multi-band filter can then be generated by following 
the steps below: 
1) Perform coupling matrix synthesis approach as in section 3.2 to all the channels as single-band 
filter. The parameters in coupling matrix Mk, k=1,2…P, should be identical for all the channels, 
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 with fk and BWk, k=1,2…P         (3.1) 
 
2) Normalize all channels to f0 and BW0 using equations (3.2) and (3.3). Note that f0, BW0 and Mij_0 
could be arbitrary or from any pre-synthesized channel. 
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                                                                  (3.3)  
 
3) Combine P normalized N+2 coupling matrices from step 2 and achieve a large-scale PN+2 
coupling matrix (3.4) for the P-band filter. Resonators 1~N, N+1~2N, … (P-1)N+1~PN in the 










        (3.4) 
The S parameters corresponding to the coupling matrix in (3.4) with CF = f0 and BW = BW0 are 
described in terms of its coupling elements by  
1
11 111 2 [ ]NPS jRs I jR M
                                                    (3.5) 
1
21 12 [ ]s L NP NS j R R I jR M
    ,                                             (3.6) 
Where R is the NP × NP normalized impedance matrix with all entries zero except for [R]11=RS1_1 and 
[R]NN=RNL_P. INP is the NP × NP identity matrix. M is the NP × NP symmetric coupling matrix and λ is 






                                                               (3.7) 
4) Based on the initial S-parameter, perform a numerical optimization to the initial PN+2 coupling 
matrix towards the required RF responses. 
To demonstrate the above approach, we consider a 9-pole triple-band filter with CFs of 3.8, 4.0 and 
4.2 GHz as an example. The BW is 20 MHz and the RL is 30 dB for all channels. The synthesis of single-
band 3-pole filter is first performed, and followed by the normalization to CF = 4.0 GHz and BW = 20 









0 1.402 0 0 0
1.402 50.53 1.532 0 0
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0 1.333 0 0 0
1.333 49.52 1.386 0 0
0 1.386 49.52 1.386 0
0 0 1.386 49.52 1.333










                                         (3.8) 
The three N+2 coupling matrixes in (3.8) are combined and a large-scale 3N+2 coupling matrix (3.9) for 
the triple-band filter. Resonators 1~3, 4~6, and 7~9 in the combined matrix are corresponding to the 
resonators for the low, middle and high channels. The performance of the initial 3N+2 coupling matrix 
is as shown in Figure 3.2.2.    
0 1.402 0 0 1.366 0 0 1.333 0 0 0
1.402 20.53 1.538 0 0 0 0 0 0 0 0
0 1.538 20.53 1.538 0 0 0 0 0 0 0
0 0 1.538 20.53 0 0 0 0 0 0 1.402
1.366 0 0 0 0 1.455 0 0 0 0 0
0 0 0 0 1.455 0 1.455 0 0 0 0
0 0 0 0 0 1.455 0 0 0 0 1.366
1.333 0 0 0 0 0 0 19.52 1.386 0 0





0 0 0 0 0 0 0 1.386 19.52 1.333




















It is observed in Fig.3.2.2, the filtering performances of all three channels have certain degrees of 
distortion after combining the three sub-matrices to a full matrix. The distortion is expected because the 
three channels are connected through the source and load thus interacting with each other. For each 
filter, the other two filters represent the physical loading through the source and load. The further the 









loading impacts from both low and high channels and these impacts tend to cancel each other, thus the 
performance of middle channel has the least distortion compared to the low and high channels. Given 
the fact that the interaction between channel only (or mostly) happens at the source and load,  it becomes 
possible to achieve equal-ripple responses by only adjusting the value of MS1 and M3L for all the filters.  
 
 
Figure 3.2.2. S-parameter of the initial coupling matrix for the triple-band filter 
 
A MATLAB optimization on the non-zero elements of the initial 3N+2 coupling matrix (3.9) is 
performed towards the required RF responses. The optimized 3N+2 coupling matrix and S-parameters 
are shown in (3.10) and Figure 3.2.3. It is observed that since the initial coupling matrix parameters and 
RF performances are numerically close to those from final coupling matrix, thus only minor 
optimization is required on the initial matrix. As expected, only the external couplings (i.e. MS1, MS4, 
MS7, M3L, M6L and M9L) of all the filters have relatively larger change while all other coupling parameters 
almost maintain the same. The simplicity of the optimization process is attributed to the minimum 









0 1.426 0 0 1.351 0 0 1.353 0 0 0
1.426 20.77 1.568 0 0 0 0 0 0 0 0
0 1.568 20.50 1.568 0 0 0 0 0 0 0
0 0 1.568 20.77 0 0 0 0 0 0 1.426
1.351 0 0 0 0.01 1.438 0 0 0 0 0
0 0 0 0 1.438 0.00 1.438 0 0 0 0
0 0 0 0 0 1.438 0.01 0 0 0 1.351
1.353 0 0 0 0 0 0 19.77 1.409 0 0






 9.51 1.409 0
0 0 0 0 0 0 0 0 1.409 19.77 1.353






















Figure 3.2.3. S-parameter of the final coupling matrix for the triple-band filter 
 
Note that the optimized 3N+2 coupling matrix can be readily divided into three new N+2 sub-coupling 
matrices. Each sub-matrix is considered as new ideal matrix model targeted by the EM design and 









      
                                        (3.11) 
In Figure 3.2.3, two transmission zeros are located between the adjacent channels. This is due to the 
phase-reversal between the signals going through the adjacent paths corresponding to the coupling 
matrix (3.10). In (3.10) all the coupling values are positive, which could be interpreted to all inductive 
couplings. Considering a 9-pole triple-band filter structure having only inductive coupling between ports 
and resonators, the phase shift of all the components are shown in Figure 3.2.4. The relationship between 
the phase shift and different coupling structures is well demonstrated in [61]. The generation of the first 
transmission zero is mainly contributed by the low and middle channels since the high channel has a 
much lower S21 magnitude response at the frequency of the first transmission zero making minimum 
contribution to the response. Similarly the generation of the second transmission zero is mostly 
contributed by the middle and high frequency bands. Table 3.1 example 1 shows the results that the 
transmissions zeros are generated from the two adjacent out-of-phase paths. The frequencies of the 
transmission zeros are almost exactly coincident with the frequencies at which the individual single filter 
responses cross each other. In practice, the coupling inside the filter could have different sign resulting 
in-phase condition thus diminishing certain transmission zero. For instance only changing the input 
coupling on path 2 from -90º to +90º, results in-phase condition on both frequencies between passband 
as shown in Table 3.1 example 2. Figure 3.2.5 shows the corresponding frequency responses with two 
transmission zeros diminished. 
0 1.426 0 0 0
1.426 20.77 1.568 0 0
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0 0 1.568 20.77 1.426
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Figure 3.2.4.  Phase shift distribution of the components in the three signal paths.  
 
Table 3.1 Phase Shift Calculation for the Three Paths of Triple-band Filter  
  @ Frequency of 1st 
Transmission Zero 
@ Frequency of 2nd  
Transmission Zero 




-90°-90°-90° = -270° 
 
Not Contributed 




-90°+90°-90° = -90° 
 
-90°-90°-90°-90° 
-90°-90°-90° = -270° 
 
High Frequency Path 
(Resonator 7-8-9) 
Not Contributed -90°+90°-90°+90° 
-90°+90°-90° = -90° 
 Result Out of phase Out of phase 




-90°-90°-90° = -270° 
 
Not Contributed 




-90°+90°-90° = +90° 
 
+90°-90°-90°-90° 
-90°-90°-90° = -90° 
 
High Frequency Path 
(Resonator 7-8-9) 
Not Contributed -90°+90°-90°+90° 
-90°+90°-90° = -90° 












Figure 3.2.5.  S-Parameter of the triple-band filter (transmission zeros diminished) 
After achieving the coupling matrix of the multi-band filter, the electromagnetic (EM) design of the 
multi-band filter configuration can start from the design method of single channel filters introduced in 
[60], with specific requirements of each design parameters reflected by the sub-channel coupling matrix. 
The critical design procedures include: 
1) Define the multi-mode resonator with desired realization (waveguide or dielectric) having the 
multiple operating modes resonate at the designated frequencies. At the meantime a sufficient spurious-
free window need to be verified for a proper targeted filter bandwidth.  
2) Realization of inter-resonator coupling. The internal coupling of each signal path needs to be 
individually controlled and yields the coupling coefficients associated with the three resonant nodes. A 
minimum interaction among adjacent paths is required.   
3) Realization of input/output coupling. The input/output configuration must be able to couple to the 
three modes simultaneously with a pre-defined coupling amount to each mode. 
4) An iterative optimization of each channel need to be performed after achieving the initial responses 











Compact Waveguide Dual-band 
Filters and Diplexers 
 
4.1    Introduction 
The development of multiple services and the need to use several frequency bands has triggered the 
demand for highly integrated dual-band filters to improve the RF/microwave front-ends. In the payload 
system of a high throughput satellite, the multi-band filtering configuration can be employed after the 
high power amplifier to collect multiple non-adjacent passbands for the designated spot beam while 
rejecting the passbands from other spot beams. Those multi-band filters require high power handling 
and low IL, narrowing the realization to metallic cavity / waveguide structures. 
4.2    Elliptical Dual-mode Resonator 
Cylindrical dual-mode bandpass filters [62]–[63] have been developed over several decades and have 
become a popular solution for satellite transponders because of their compact size and ability to realize 
advanced filtering functions. The conventional dual-mode filters mostly operate in TE11m mode. In [64]-
[65], elliptical cavities have also been used to design dual-mode filters with improved Q and ease of 
manufacturing. In this section, the elliptical cavity is employed to realize a dual-mode resonator for the 
dual-band application, as shown in Figure 4.2.1. The operating modes in the elliptical cavity are based 
on TE11n mode degeneracy, similar to the cylindrical cavity. The dual resonators are tuned at independent 
frequencies by the cavity diameter difference along the two elliptical axes. The two orthogonally 
polarized modes are intrinsically isolated and can be designed to carry two passband signals. For our 









f11m_v and f11m_H. The dual resonant frequencies of a dual-band cavity can be approximately calculated 
























  ,                                                       (4.2) 
where p’11 represents the first zero of the derivative of the one-order first kind Bessel function Jm, c 
represents the speed of light in the waveguide, and a and b represent cavity radius along the horizontal 
and vertical axes, respectively. From the equations, the frequency differentiation between the two 
polarized modes is determined by the ratio of a and b. A larger ratio offers less interaction between the 
two bands. In cases of applications with small guard-band, the ratio will be close to 1. In these situations, 
tuning screws are essential for splitting the two polarized frequencies.  
By performing an eigenmode analysis with full-wave EM software, resonant modes can be calculated 
in the elliptical dual-band cavity. For cavity dimensions of a = 0.44”, b = 0.488”, and l = 0.68”, and 
considering a structure made of copper, the resonant frequencies and the unloaded quality factors are 
listed in Table 4.1. In this case, only the TE111 modes are of interest. The adjacent modes TM010 and 
TM011 are nearly 1500 MHz lower and higher, respectively, yielding an acceptable spurious-free 
window. Moreover the spurious TM mode has no H-field distribution along the plane of end wall, which 
can be effectivity decoupled by using inductive coupling irises. Therefore the spurious-free window is 
further improved.  
In the elliptical cavity, two pairs of tuning screws are located along vertical and horizontal axes, 
providing the flexibility to adjust the resonant frequencies of each band. Unlike the dual modes, which 
are excited one by one along the signal path in a conventional dual-mode cylindrical cavity, the dual 
TE11m modes in the elliptical cavity are not coupled. Intra-coupling only happens between adjacent 
cavities by modes with the same E-field orientation. For instance, the horizontal TE11m in cavity 1 will 
only couple with the horizontal TE11m in cavity 2. The input and output waveguide excites the two 
orthogonal modes simultaneously at the end cavities. The details on the coupling structure will be 

















(a)                                                          (b) 
 
                   
                                         (c)                                                                    (d) 
 
                        
                                         (e)                                                                  (f) 
 
Figure 4.2.1 (a) Elliptical dual-mode resonator layout, (b) Transversal cross-section of the 
Elliptical cavity, (c-d) Electrical field vector of two orthogonal TE111 resonant modes, and (e-f) 










Table 4.1    Resonant Modes in the Elliptical Dual-Band Cavity 
Mode 
Frequency (GHz) 








TM010 9.91 - 10314 
TE111_V 11.28 11.25 11311 
TE111_H 11.75 11.71 11899 
TM011 13.17 - 8513 
TE211 15.14 - 11670 
 
 
4.3    Elliptical Dual-band Filter and Diplexer 
4.3.1 Equivalent Circuit 
The equivalent circuit of the proposed dual-band filters and diplexers, in terms of inverters and 
resonators, is shown in Figs. 4.3.1(a)–(c). The rectangles with a dashed boundary represent the dual-
mode resonators carrying the signals of two paths. If N cavities are used, each path contains N resonators 
that are directly coupled by inverters. Because the two modes in the dual-band cavities are orthogonally 
polarized, the equivalent circuits consist of two parallel non-interacting paths except the common 
input/output section. As a result, the coupling matrix parameters of this class of dual-band filter and 
diplexer can be extracted almost as single filters without considering manifold and phase factors, as is 
the case with traditional designs. For the dual-band filter, the two paths are connected to the input and 
output nodes. For the diplexer case in Figure 4.3.2(b), the two paths split at the last cavity, resulting in 
two channels with the same filter order. In Figure 4.3.2(c), additional single-band resonators can be 
added after the group of dual-mode resonators, offering flexibility in channel filter order and improved 



















































Figure. 4.3.1 Equivalent Circuit of (a) dual band filter, (b) diplexer with dual-mode resonators, 










4.3.2 Input Coupling 
The input coupling coefficients are related to the maxima of the group delay of the input reflection 
coefficient S11 [60]. For dual-band filter and diplexer applications, there will be two group delay peaks 
corresponding to the higher and lower bands. The iris and resonator dimensions are tuned until the two 
resonance peaks fit the desired values. As shown in Figure 4.3.2.1(a), the feeding waveguide is rotated 
by angle φ to excite two orthogonal modes simultaneously with a round iris. Both angle φ and the iris 
dimensions determine the couplings to the two modes. Figure 4.3.2.1(c) shows the group delay response 
with different angles of φ from 0º to 90º. When φ equals 0º, the feeding waveguide is horizontal and 
couples only to the vertical TE11m mode; when φ equals 90º, the feeding waveguide is vertical and only 
excites the horizontal TE11m; and when φ is close to 45º, the input coupling could be evenly distributed  
ᵠ
                  




Figure 4.3.2.1 (a) Input coupling with round iris, (b) input coupling with rectangular iris, and (c) 









in both directions. The input iris could also be an asymmetrical shape, e.g., rectangular, as shown in 
Figure 4.3.2.1(b). The ratio of length to width of the iris adds an extra degree of freedom to control the 
coupling distribution to the two polarizations.  
It is worth noting that the reflected group delay method [60] for computing the input couplings of 
multi-bands has higher accuracy when the resonant frequencies of the two bands are well separated, 
with a mutual distance that is greater than the coupling bandwidth. This is because the intrinsic coupling 
between the two orthogonal modes in the dual-mode cavity becomes considerable when their 
frequencies are close. Figure 4.3.2.2 (a) shows a circuit model of the input coupling to two resonant 
modes with a mutual coupling K12 between them. Figure 4.3.2.2(b) shows the group delay response with 
different K12. When the mutual coupling equals 0, the two group delay peaks are balanced; when the 
mutual coupling increases the two group delay peaks deviates from the nominal values in opposite 
directions. In this case, the waveguide angle φ or rectangular iris ratio need to be re-adjusted to achieve 






    
(a)                                                                                            (b) 
 
Figure 4.3.2.2 (a) circuit model of input coupling with mutual coupling between two resonators, 












4.3.3 Intra-cavity Coupling 
As mentioned above, the signals in dual-band filters and diplexers are transmitted along two parallel 
non-interacting paths; hence, inter-cavity coupling only occurs between resonant modes with the same 
orientation. In this case, irises with cross-slots in Figure 4.3.3.1 are proved to be the optimum solution 
to couple both polarizations with minimum interaction and are thus suitable for wide-band designs with 
relatively small guard-band. Each branch of the cross-slot couples the energy at one polarization, which 
is proportional to the branch length L1 or L2 respectively. Using eigenmode simulation by placing an 
electric and magnetic wall along the symmetry plane [19], four resonant frequencies are calculated as 

















,   i = 1, 2                                                      (4.3) 
where f1~f4 are the two pairs of eigenmodes of the two adjacent dual-mode resonators.  
 
 




(a)                                                                      (b) 
 
Figure 4.3.3.1. Configuration of (a) intra-cavity coupling with cross-slot iris, and (b) transverse 











Table 4.2  
Eigenmode simulation results for intra-cavity Coupling when L1 = 0.3 inch and L2 = 0.3 inch 
Mode Eigenmode Freq. (GHz) Coupling Coefficients. by (4.3) 
TE111_V_Cav1 f1 = 8.831 
k1 = 0.0037 
TE111_V_Cav2 f2 = 8.864 
TE111_H_Cav1 f3 = 9.090 
k2 = 0.0034 
TE111_H_Cav2 f4 = 9.121 
 
 
Figure 4.3.3.2 shows the relationship between the branch length and the inter-cavity coupling 
coefficients. The results indicate this configuration has a capability of controlling the coupling along the 
two signal paths individually. Similar to the limitation of the input coupling, the accuracy of equation 
(4.3) decreases when the frequencies of the two bands are close, due to a non-negligible mutual coupling 
between the two modes in the same cavity.  
  
(a)                                                                      (b) 
Figure 4.3.3.2(a) Relationship between the branch length (L1 and L2) of the cross iris and inter-











4.3.4 Output Coupling 
For the dual-band filter design, the configuration of the output coupling is identical to that of the input 
coupling. For the diplexer design, the output ports are positioned perpendicularly on adjacent sides of 
the last dual-band cavity, correspondingly coupled to the two orthogonal polarized TE111 modes. The 
perpendicular outputs provide extra isolation between two channels. The design of the output irises is 
similar to that of the input iris, the only difference being that the two maxima group delays are achieved 
by two paths separately.  
4.3.5 Elliptical Dual-band Filter Design 
In order to prove the feasibility of the proposed approach, an 8th order Ku-band dual-band filter has 
been designed to implement the equivalent circuit in Figure. 3.3.1(a). The RF specifications of the filter 
are shown in Table 4.3.  
Table 4.3  Ku Dual-band Filter specifications 
Parameter RF Specifications 
Passband 
       Band 1 
       Band 2 
 
10962 – 11062 MHz 
11488 – 11688 MHz 
Insertion Loss at CF 0.4 dB 
Rejections 
      CF ± 118.8 MHz 





      CF±85.5 MHz 




Group Delay Variation 




      CF±85.5 MHz 













Using the filter synthesis approach in chapter 3, the coupling matrix of the 16-pole dual-band filter is 
as follows in (4.4),  
 
(4.4) 
Figure 4.3.5.1 shows the structure of the 16-pole dual-band filter comprised of six TE112 mode and 
two TE113 mode elliptical cavities, to meet the requirement of Qu and the spurious-free window. The 
filter was manufactured from invar alloy with silver plating. The ratio of the horizontal and vertical axis 
length of the elliptical cavity is around 1.15. An average Qu of 18000 and a spurious-free window from 
10 to 12.5 GHz is achieved. In this design, step-transformer portions are added between the interface 
waveguide and the input/output iris to increase the coupling to both resonant modes for a relatively wide 
fractional BW (about 2%). Figure 4.3.5.2 (a) shows the measured performance compared with the 
simulation. The filter is tuned to show all sixteen poles in return loss peaks and the response well matches 
with simulation. The measured RL is better than 24 dB and the IL is 0.38 dB instead of 0.35 dB, as 
simulated. All other RF parameters are compliant with the specification, with sufficient thermal margins.  
A method to generate a transmission zero between the two bands is introduced in [5]. Based on the 
order of each band, the orientation of the feeding waveguides is parallel or perpendicular to each other. 
This creates a phase-reversal between the signals going through the two orthogonal polarizations. At a 
frequency between the two bands, one polarization is capacitive and one is inductive, thus each dual-
band cavity introduces a phase difference of 180° between the two polarizations. For an 8th order filter 
design, an eight multiple of 180° is resulted at the output. No transmission zeros are generated unless 
the output is rotated by 90° to introduce phase reversal. Figure 4.3.5.2 (b) shows a comparison of S-















                                    (a)                                                                             (b) 
Figure 4.3.5.2. (a) Measured and simulated S-parameters of the 16-pole dual-band filter, and (b) 
comparison of the S-parameters with different orientations of input and output ports.    
4.3.6 Elliptical Diplexer Design 
A 16-pole diplexer design based on the elliptical cavity is shown in Figure. 4.3.6 (a) to implement the 
equivalent circuit in Figure. 4.3.1.1 (b). The design approach of the diplexer is similar to that of the dual-
band filter, except for the output configuration. Both channels are operated with TE111 mode. The two 
output ports are positioned perpendicularly on adjacent sides of the last dual-band cavity. The diplexer 
response is shown in Figure. 4.3.6 (b). The diplexer CFs are at 8.8 and 9.05 GHz, and the BWs are both 
25 MHz. The rejection between two paths is greater than 50 dB and the RL is better than 20dB. An S21 









representing the interaction between the two paths. The hump is intrinsic from this type of diplexer 
because the two outputs share the same resonator and isolation between channels is only provided by 
the orthogonal polarization. In this case the hump level is lower than 60dB, thereby maintaining 
sufficient isolation between the two channels. The hump level can be reduced by increasing the filter 
order or by adding extra single mode resonators after the last dual mode resonator as shown in Figure 
4.3.1.1(c).  It is worth to note that the single mode resonator has flexibility of other realization, i.e. not 
restricted with elliptical cavity resonator.  
 
                                    (a)                                                                             (b) 
Figure 4.3.6 (a) Layout of the 8-pole elliptical cavity diplexer, and (b) simulated S-parameters.  
 
4.4   Conclusion 
The chapter has presented dual-band filters using elliptical dual-mode resonators. Each passband of 
the dual-band filter is controlled by a dedicated polarization and can be represented by an inline direct-
coupled set of resonators, thereby allowing a simple design process. The detailed design approach for 
each parameter of the proposed structure has been discussed and verified by a Ku-band 16-pole dual-
band filter. The dual-band structure can be easily transfer to diplexer structure by modify the output 












Quasi-Elliptic Waveguide Dual-band 
bandpass filters  
 
5.1  Introduction 
The development of space telecommunications requires filters with transmission zeros for improving 
the selectivity and/or flattening the group delay. In the last chapter, the approach of using the dual-mode 
resonator to implement dual-band filtering functions provides a dramatic saving in footprint and volume 
while maintaining high Q of each resonator. However this type of waveguide dual-band filter structure 
has two drawbacks: 1) filter functions with cross-couplings cannot be readily implemented thus mostly 
realizing Chebyshev filter functions; 2) The in-line configuration with a high-order filter function could 
lead to a long filter, especially in the waveguide design. To the best of authors’ knowledge, [66] is the 
only reported work using purely multi-mode resonators while featuring symmetric finite transmission 
zeros. However the use of the quadruple-mode resonators limits the dual-band filter to applications of 
very narrow bandwidth (BW<0.5%). In this chapter, several configurations are proposed to overcome 
the limitations thus improving the performance of the dual-band cavity filter.   
 
5.2  Rectangular Dual-band Filter with Transmission Zeros 
In this section, a new class of dual-band filter and diplexer structures are proposed by a combination 
of dual-band and single-band resonators. The equivalent circuits of the dual-band filter and diplexer are 
shown in Figure 5.2.1. The single-band resonators are located between any two dual-mode resonators 









dual-mode resonators carry both channel signals with orthogonal polarizations, while the single-mode 
resonators transmit one channel. Because the two modes in the dual-band cavities are orthogonally 
polarized, the two parallel paths are non-interacting. The elliptical dual-band cavity introduced earlier 
is not an ideal candidate for the tri-section topology due to the layout difficulty and high manufacturing 
cost. A rectangular dual-mode resonators were introduced in [5] to generate dual-band filtering 
performances, however only realizing Chebyshev responses. The technology introduced in this section 
dramatically improves the selectivity of the dual-band filters and diplexers by using a "dual-trisection" 





























Port 1 Port 2
 
(b) 
Figure 5.2.1. Equivalent circuit of (a) diplexer, and (b) dual-band filter with combination of dual-










5.2.1 Rectangular Dual-mode Resonator 
The rectangular dual-mode cavities with orthogonal modes TE10m and TE01m were introduced to realize 
dual-band filters with Chebyshev function. The resonant frequency of the TE10m mode is determined by 
the cavity width a and length l, while the resonant frequency of TE01m is determined by the cavity height 
b and length l, as stated in (5.1),      
2 2




















,                                       (5.1) 
where c represents the speed of light in the waveguide. The ratio of a/b reflects the frequency 
differentiation between the two polarized modes.  
One unique feature of the rectangular dual-band cavity is potential Q improvement from the 
conventional rectangular filter design. For TE10n mode, the Q can be calculated as (5.2) 



















.                                      
(5.2) 
Thus increasing “b” dimension of a rectangular waveguide resonator can effectively improve the 
quality factor of the TE10m mode, but will suffer from the cut-off frequency of TE01 mode (i.e. the first 
spurious mode after increasing “b”) shifting closer to the passband, decreasing the spurious-free 
window. In the proposed structure, the original spurious-mode TE011 is employed in parallel with TE101 
mode as two pass-bands frequencies, hence the “b” dimensions are dramatically increased with respect 
to both polarizations in the dual-band cavities resulting a higher Q for both channels without sacrificing 
the spurious-free window. 
5.2.2 Dual Tri-section Unit 
A compact dual tri-section is realized by positioning two single-band TE101resonators between the two 
adjacent dual-band TE101 / TE011 resonators, as shown in Figure 5.2.2. This configuration generates two 
transmission zeros, one on either side of each passband. If a structure contains N dual-mode resonators, 









cavity is attached with two sequential coupling irises and two cross coupling irises. The top and side 
vertical irises are for one channel, while the front and side horizontal irises are for the other. The signal 
paths of the two channels inside the structure are also illustrated in Figure 5.2.2. All inner coupling irises 
are designed in along rectangular shape, aiming to minimize the cross-talk between the polarized modes. 
The dimensions of the irises are determined by the coupling matrix parameters from both channels. 
Another interesting feature of the dual tri-section unit is the resonator dimension offset. The “a” and “b” 
dimensions of the single-band resonator is offset from those of dual-mode resonators. This results in the 
same over-modes resonating at different frequencies therefore suppressing each other to lower the far-
band spurious level. The dual-band filter and diplexer employing the dual tri-section unit is expected to 
feature smaller size but higher Q, and improved rejections at both near-band frequencies (because of 
transmission zeros) and far-band frequencies (because of dimensions offset).  
 
Figure 5.2.2. Layout of a dual-trisection unit with signal paths of dual polarizations. 
 
5.2.3 Rectangular Dual-band Filter and Diplexer Design 
Rectangular dual-band filters and diplexers can be developed on the basis of the dual tri-section unit. 
Besides the coupling configuration included in the dual-trisection module, other couplings are similar 
to those presented in chapter 4. A layout of a 6-pole dual-band filter based on the dual-trisection structure 









filter, the input and output ports are rotated to couple bothTE101 and TE011modes. The simulated dual-
band response with a pair of transmission zeros at the near band is shown in Figure 5.2.3.2.  
 
Figure 5.2.3.1. Layout of a 6-pole dual-band filter based on dual-trisection module. 
 
 
Figure 5.2.3.2. Simulated S-parameter of the 6-pole dual-band filter. 
Similarly, the dual-band filter can be extended to diplexer by positioning the output ports 
perpendicularly on adjacent sides of the last dual-band cavity. In Figure 5.2.3.3, an 8-pole Ku-band 
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diplexer has been designed using HFSS. In the front and top view of the proposed diplexer, electric field 
flows are illustrated at each channel’s operating frequencies, demonstrating the non-interacting feature 
between the two paths. Except for the input portion, each channel of the diplexer is designed separately. 
One transmission zero is added at each path for a better selectivity. The N+2 coupling matrix for the 
lower channel can be considered as 
0 1.2679 0 0 0 0
1.2679 0.0505 1.1548 0.3026 0 0
0 1.1548 0.3393 0.8217 0 0
0 0 0.8217 0.0913 1.1938 0
0 0 0.3026 1.1938 0.0505 1.2679











                       (5.3) 
The coupling matrix for the higher channel has the same value with opposite signs. The diplexer center 
frequencies are at 13.71 and 14.0 GHz, the bandwidths are both 100 MHz, the rejection between two 
paths is greater than 25 dB, and the RL is better than 20dB. As discussed earlier, the increase of the “b” 
dimension considerably improves the Q of both channels in the dual-band cavities. Table 5.1 shows an 
unloaded Q comparison between the proposed design and the traditional design. The overall unloaded 
Q improvement is expected to be over 10% from the proposed structure. 
 
 









Table 5.1 Unloaded Q Comparison 
 
 Proposed Diplexer Traditional Diplexer 
Unloaded 
Q 
TE101 Mode 8700 7500 
TE011 Mode 9100 - 
TE102 Mode 9600 9600 
Overall 8800 7750 
 
The designed diplexer was manufactured from two halves of copper, as can been seen in Figure 
5.2.3.4(a). Tuning screws are added for independent control of frequency and coupling parameters. 
Figure 5.2.3.4 (b) shows the measured performance compared with the simulation. The measured RL is 
better than 25 dB, and rejection at adjacent channels is more than 30 dB. The measured IL is 0.48 dB 
instead of 0.39 dB, as simulated. The tuned performance is slightly off from the simulation due to the 
machining tolerance and metal roughness. To obtain a sufficient frequency margin for thermal drift, 
both channels were not tuned to achieve equal-rippled response. Two humps are observed near the 
transmission zeros, representing the interaction between the two channels but do not impact the design 
specifications. It is worth noting that the proposed diplexer is not recommended for cases with small 
guard-band (e.g., less than channel bandwidth) due to high level of humps caused by a stronger 
interaction between two channels. Although the hump level can be reduced by increasing the filter order 
or by adding extra single mode resonators after the last dual-mode resonator, it dramatically increases 
the size and mass of the diplexer thus reducing its efficiency. Meanwhile, the strong interaction of the 
two perpendicular polarized modes in the dual-band cavities dramatically increases the diplexer 
sensitivity during design and tuning process. 
In Figure 5.2.3.5 (a), the layout of the proposed diplexer is compared with a traditional H-plane 
diplexer designed to the same specifications. The traditional diplexer is operating in TE101 and TE102 
modes, and was manufactured from silver plated aluminum. The proposed design achieved a footprint 
saving over 50% and a volume saving over 30% from the traditional H-plane design. The IL of the 
proposed diplexer is measured to be 0.48 dB. The IL will be improved after silver plating, resulting in 
better than the IL (0.47dB) of the traditional design. Figure 5.2.3.5 (b) shows a comparison of the out-









trace is the proposed diplexer. The proposed diplexer improved the rejection performance by more than 
20 dB. 
 
(a)                                                                          
 
(b) 
Figure 5.2.3.4: (a) Fabricate diplexer structure, and (b) measurement (Solid) and simulation 










                                   (a)                                                                          (b) 
Figure 5.2.3.5: (a) Layout comparison between the proposed diplexer (brown) and the 
conventional diplexer (white), and (b) spurious comparison between the proposed diplexer and 
the traditional design. 
 
5.3  Side-Coupled Dual-band Filter with Elliptical Cavity 
In the above section, the transmission zeros are realized by combining single-mode and dual-mode 
resonators. The dual-trisection module is compact however only realizes one transmission zero for each 
of the passband. To realize a pair of transmission zeros on either side of each passband, at least 5 
resonators (2 single-mode resonators and 3 dual-mode resonators) on each path are required. In addition, 
the center dual-mode resonator requires to couple with 4 single-mode resonators simultaneously thus 
not a practical solution. Further, the stacked resonators would have a complicated layout increasing the 
difficulty of manufacturing.  
In this section, a side-coupled configuration is proposed to realize the dual-band filter and 
implemented in elliptical waveguide resonators for the first time. The new configuration leads to a 
significant reduction in the filter footprint compared to the design in 4.3 and 5.2, and facilitates cross-
coupling to realize a pair of transmission zeros at either side of each passband. The dual-band filter 











The design approach and experimental results are presented for a prototype filter to validate the proposed 
concept. 
5.3.1 Dual Quadruplet Configuration 
Figure 5.3.1.1 illustrates the equivalent circuit of the proposed “dual quadruplet” configuration. The 
dashed rectangles represent the dual-mode resonators. The fixed and dashed line represent sequential 
and cross coupling respectively, establishing a dual 4-2-0 quadruplet configuration. In each resonator, 
the two modes are orthogonally polarized and each mode carries the signal of a passband. The two signal 
paths do not interact with each other, with the exception of the input/output section of the filters. Thus 
each channel can be designed individually as similar to a single filter.  
The circuit model in Figure 5.3.1.1 can be realized by elliptical cavity dual-mode resonators as shown 
in Figure 5.3.1.2. The four elliptical resonators are operating in dual TE112 modes and are side-coupled 
to form a quadruplet configuration. The intra-cavity coupling is comprised of two sub-sections and each 
sub-section corresponds to the coupling to one signal path. The section can be either a rectangular iris 
or an electrical probe depending on the sign of the coupling parameter. It is worth noting that the negative 
coupling (i.e. probe coupling) could be set between any adjacent cavities to ease the manufacturing of 
the filter structure. The features of resonator and coupling configurations will be discussed in the 
following subsections.  
 










Figure 5.3.1.2: Realization of dual quadruplet configuration by elliptical dual-mode resonator. 
 
5.3.2 TE112 Dual-mode Elliptical Resonator  
For each elliptical resonator, the diameters (D1 and D2) along the major and minor axis are selected to 
achieve the widest spurious-free window and at the meantime control the frequency offset between the 
two degenerated TE112 modes. Two pairs of tuning screws in each resonator provide additional control 
of the degenerated TE112 resonant frequencies. The spurious mode distribution is determined by the 
elliptical cavity dimensions and can be approximately predicted by the mode chart of the cylindrical 
cavity. Figure 5.3.2.1 and Figure 5.3.2.2 show two mode charts of the cylindrical cavity having the 
operational TE112 frequencies 3.435 and 3.565 GHz respectively. The diameters (D1=86.4 mm and D2 
=78.7 mm) along the major and minor axis of the elliptical cavity are selected respectively from the 
mode charts in order to maximize the spurious-free window. From the eigen-mode simulation result as 
shown in Table 5.2, the closest adjacent spurious modes of the elliptical resonator are TM011 and TE211 
locating at the frequencies at least 200 MHz away from the operational frequencies 3.435 and 3.565 
GHz of TE112 modes. The unloaded Q is around 23000 based on copper surface, which is close to that 










Figure 5.3.2.1: Mode chart of cylindrical cavity with TE112 mode at 3.435 GHz. 
 










Table 5.2. Eigen-mode simulation of elliptical resonator 
Dimensions (mm) Mode Frequencies (GHz) Unloaded Q 
(Copper surface) 
D1 = 86.4 
D2 = 78.7 
L = 107.7 
TM011 3.223 18681 
TE112 3.435 22784 
TE112 3.565 23717 
TE211 3.784 17479 
 
5.3.3 Coupling Configuration  
To achieve the independent control of intra-cavity couplings along the two signal paths, two sets of 
coupling configuration are shown in Figure 5.3.3 (a) and (b). As shown in Figure 5.3.3(c)-(e), the vertical 
iris along the Z orientation locates at one-quarter/three-quarter height (i.e. maximum H-field) of the 
resonator and aims to only couple the Y-oriented (E-field) TE112 mode. For the X-oriented (E-field) 
TE112 mode, two options can be chosen: 1) a horizontal iris located at the center of the resonator (i.e. 
maximum H-field) to provide magnetic (positive) coupling, and 2) an electric probe located at one-
quarter/three-quarter height of the resonator (i.e. maximum E-field) to provide electric (negative) 
coupling. The dimensions of the irises and probes are determined by the coupling matrix parameters of 
the dual-band filter. Using eigen-mode simulation by placing an electric and magnetic wall along the 
symmetry plane [60], four eigen-mode frequencies f1 ~ f4 can be achieved and the de-normalized 
















,   i = 1, 2                                                      (5.4) 
The input/output coupling of the proposed filter are realized by rectangular irises, similar to the 
structure in chapter 4. The ratio of length to width of the iris controls the coupling distribution to the 
two polarizations. The waveguide interface is rotated by an angle to excite the two orthogonal TE112 
modes simultaneously. The input/output coupling coefficients are related to the maxima of reflected 
group delay at the input and output which can be achieved through EM simulation [60]. It is noted that 
the TM011 mode does not have magnetic field along the cross-section, thus the TM011 mode can hardly 












(a)                                                                (b) 
 
              (c)                                            (d)                                (e) 
Figure 5.3.3 (a) Iris-iris configuration, (b) iris-probe configuration, (c-d) H-field of iris-iris 















5.3.4 Initial Dual-Band Filter Design   
In order to prove the feasibility of the proposed approach, an 8-pole C-band dual-band filter is 
designed using HFSS. The center frequencies of the two pass-bands are at 3.435 and 3.565 GHz 
respectively and the BW of both bands is 36 MHz. The coupling matrix of the dual-band filter is 
synthesized as (5.5) based on the approach reported in chapter 3. Both channels are normalized to 3.50 
GHz in the matrix. 
0 1.138 0 0 0 1.145 0 0 0 0
1.138 3.48 0.979 0 0.132 0 0 0 0 0
0 0.979 3.22 0.812 0 0 0 0 0 0
0 0 0.812 3.22 0.979 0 0 0 0 0
0 0.132 0 0.979 3.47 0 0 0 0 1.138
1.145 0 0 0 0 3.54 1.009 0 0.132 0
0 0 0 0 0 1.009 3.28 0.842 0 0
0 0 0 0 0 0 0.842 3.28 1.009 0








 009 3.53 1.145
















              (5.5) 
The designed dual-band filter assembly is comprised of 4 major parts and was manufactured with 
copper material as shown in Figure 5.3.4.1. Figure 5.3.4.2 shows the measured near-band responses of 
the proposed filter compared with the HFSS simulation. The measured RL is better than 24 dB. The 
measured rejection is over 35dB at the low and high side of the passbands, and is over 30dB between 
the passbands. The measured IL at center frequencies of the two channels is 0.55 and 0.65 dB worse 
than the simulated IL 0.25 and 0.30 dB. The degradation of IL is mostly due to the imperfect surface 
finishing and the use of un-plated screws for tuning. The measured out-of-band responses are shown in 
Figure 5.3.4.3. The low side TM011 mode is located at around 3.24 GHz and has a spurious level lower 
than 35dB. The high side degenerated TE211 mode spurious start rising at 3.75 GHz. The spurious level 










              
                                   (a)                                                                    (b)                             
Figure 5.3.4.1. (a) Explosive view, and (b) integrated assembly of the 8-pole elliptical cavity dual-
band filter.  
 
Figure 5.3.4.2. Near-band responses of the 8-pole dual-band cavity filter (fixed line: measurement; 










 Figure 5.3.4.3. Measured out-of-band responses of the 8-pole dual-band cavity filter (fixed line: 
S21; dash line: S11).  
 
5.3.5 All-Iris Dual-Band Filter Design   
The use of metallic probe (with Teflon support) increases complexity of the assembly and difficulty 
for tuning. It also raises high power related concern. In Figure 5.3.5.1 (a), the metallic probe produces 
electrical coupling that has a different coupling sign from that of the irises. The iris slot is referred as 
short iris since the length of the iris is less than half the free-space wavelength (below resonance). In 
[67], the concept of long iris was reported having a length longer than half of the free-space wavelength 
(above resonance). The long iris can provide a different coupling sign from the short iris (i.e. the same 
coupling sign as the electrical probe) thus providing possibility to realize the all-iris design for the 
proposed dual-band filter.  
  Figure 5.3.5.1 (a) shows the original iris-probe combination for the intra-cavity side-coupling of the 
dual-band filter. The vertical iris along the Z orientation locates at one-quarter / three-quarter height (i.e. 









probe along with X orientation also locates at one-quarter / three-quarter height of the resonator (i.e. 
maximum E-field) to provide electric coupling for the X-oriented (E-field) TE112 mode. 
Figure 5.3.5.1 (b) shows the proposed long-iris coupling configuration. The long iris is located near 
the half height of the cavity. In this case, the length of the long iris is ~90 mm and the width is 7.4 mm. 
The long iris could be straight, or bent from both ends (form a “C” shape) to minimize the stray-coupling 
leakage to other cavities.  The de-normalized coupling values for both cases are summarized in Table 
5.3. It is clear from the table that the long iris has the same coupling sign and the all iris configuration 
provides the same coupling strength as the iris-probe configuration. It is worth to note that due to the 
different loading effect from long iris and probe, the dimensions of the cavities and the short iris need 
to be adjusted to realign the resonant frequencies.  
The 8-pole filter employing long and short irises is designed in HFSS as shown in Figure 5.3.5.2. The 
long irises are realizing negative couplings M34 in the first channel and M23 in the second channel 
respectively. The simulated response of the all-iris design is compared with that of the initial iris-probe 
design in Figure 5.3.5.3. The in-band and out-of-band performances of the two designs match well with 
slight variations. This is due to different frequency dispersion and loading impact between the metallic 
probes and the long irises. 
 
 
                                           (a)                                                             (b) 









Table 5.3 Intra-cavity Coupling Coefficient  
Items Iris-probe configuration  
(Figure 4(a)) 
All-iris configuration 
 (Figure 4(b)) 
Short iris dimensions 29.5 × 7.6 mm2 29.1 × 7.6 mm2 
Probe length 29.5 mm - 
Long  iris dimensions - 89.4 × 7.4 mm2 
fi  (GHz) 
f1 = 3.545  
f2 = 3.509  
f3 = 3.576  
f4 = 3.613 
f1 = 3.588  
f2 = 3.551  
f3 = 3.577  
f4 = 3.614  
ki 
k1 = -0.010 
k2 = 0.010 
k1 = -0.010  














Figure 5.3.5.3. Comparison of out-of-band responses of the 8-pole dual-band cavity filters (fixed 
line: all-iris configuration; dash line: probe-iris configuration).  
 
5.3.6 All-Iris Dual-Band Filter Design with Spurious Suppression 
As can be seen from Figure 5.3.5.3, the high-side TE221 spurious is close to the passband, degrading 
the out-of-band performances. A modification of the cavity is proposed to further improve the spurious-
free window. As shown in Figure 5.3.6.1, an elliptical ring with a width W and depth D is undercut from 
the center of the cavity. Figure 5.3.6.2 illustrates the frequency drift of the TM011, TE112 and TE211 modes 
with the change of D. It is observed that with the increase of D, the TM011 mode frequency decreases 
and the TE211 mode frequency increases. The ring depth D has relatively small impact on the dual TE112 
modes because of their low E-field density near the center of the cavity. The spurious-free window is 
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As mentioned earlier, the TM011 mode can hardly propagate inside the filter structure through the 
input/output coupling window, however a small spike can still be noticed at the lower side of the 
passband in Figure 5.3.5.3, which might deteriorate the stop band performance. A method in [68] is 
presented the high order spurious can be suppressed by setting the spurious resonating at different 
frequencies. The approach can be applied in the proposed filter structure by inserting tuning screws 
through the end-cavity wall.  With different penetration of the tuning screw in the cavities, the TM011 
mode in each cavity resonates at different frequencies thus suppressing each other to achieve improved 
stop-band responses. The end-cavity screws have minimum impact to the TE112 mode.  
The degenerated dual TE211 modes operate at different frequencies and are semi-orthogonal in the 
elliptical cavity. The electrical vector (x-y plane) and magnetic field (y-z plane) of the TE211 mode 1 and 
TE211 mode 2 are shown in the Figure 5.3.6.3. At the center of cavity where the side-coupling iris located, 
the TE211 mode 1 has minimum magnetic field density while TE211 mode 2 has maximum magnetic field 
density with the magnetic vector along Z-axis, thus the horizontal side-coupling iris at the cavity center 
has minimum coupling to the both TE211 modes. On the other hand, the vertical iris located at one or 
three-quarter of the cavity (see Figure 5.3.6.3 (a) and (c)), has minimum coupling to TE211 mode 1, while 
having no rejection to the TE211 mode 2. In [69], a pair of peripheral iris locating at 135 ̊and 225 ̊(see 
Figure 5.3.6.3 (b) and (d)) in azimuthal direction was introduced to suppress the TE211 mode 2; however 
they have no rejection to TE211 mode 1. Figure 5.3.6.4 shows the proposed coupling configuration with 
a combination of peripheral vertical iris pair and center vertical single iris. The two pairs of peripheral 
irises are applied between cavity 1~2 and cavity 3~4, while the single vertical iris are set between cavity 
2~3 and 1~4. Such design can effectively suppress both degenerated TE211 modes while still being able 
to transmit the operational TE112 modes. 
The new iris configuration from Figure 5.3.6.4 and the cavity modification from Figure 5.3.6.1 are 
implemented in the side-coupled filter structure. Figure 5.3.6.5 illustrates a comparison of the out-of-
band responses between the original structure and the structure with the spurious suppression fixtures. 












(a)                                                                  (b) 
             
                                            (c)                                                          (d) 
Figure 5.3.6.3. (a) E-field vector of TE221 mode 1, (b) E-field vector of TE221 mode 2, (c) H-field of 











Figure 5.3.6.4. Proposed iris configuration to suppress the TE211 spurious modes 
 
Figure 5.3.6.5. Comparison of out-of-band responses of the 8-pole dual-band cavity filters (red 










5.3.7 Analysis of Bandwidth Realization of the side-coupled configuration 
The proposed all-iris design simplified the filter structure thus reducing the cost from machining and 
tuning; however it is observed the magnetic coupling provided by the horizontal iris near the cavity 
center is considerably weaker compared to the electric coupling provided by the metallic probe. This 
results in a limitation of bandwidth realization from the all-iris design. 
As a baseline, Figure 5.3.7.1 demonstrated the relationship between the probe length L and the 
electrical coupling while the probe is located at one quarter or three-quarter height of the cavity. The 
longer the probe, the stronger electric coupling can be achieved. It is worth noting that the probe also 
generates an over-mode locating at the high side of the passband. The frequency of the over-mode 
decreases, (i.e. moves towards the passband) when the length of the probe increases. It is recommended 
to maintain the frequency of the “probe over-mode” close to other high-side over-modes from the 
cavities. In this case, when the length of probe is 33.5 cm, the “probe” spurious mode is at 3.82 GHz, 
close to the spurious TE221 mode at 3.83 GHz. 
 
Figure 5.3.7.1. Denormalized coupling coefficient vs. metallic probe length L.  
The horizontal iris located at the half height of the cavity is aiming to replace the metallic probe. The 
relationship between the length X of the horizontal iris and the magnetic coupling is illustrated in Figure 
5.3.7.2. When X approaches to half of the free space wavelength, the phase of the magnetic (positive) 









simulation, when the iris length gets around 45.7cm, two magnetic modes (when magnetic wall applied 
on the symmetric plane) are observed on either side of the electric mode (when electric wall applied on 
the symmetric plane). The electric-field and the corresponding frequency of each mode is shown in 


























                                 (5.6) 
 
Figure 5.3.7.2. Denormalized coupling coefficient vs. horizontal iris length X (  mutation 
area)  
 
                                           (a)                                 (b)                                          (c) 
Figure 5.3.7.3. (a) Low side magnetic mode fm1 @ 3.421 GHz, (b) electric mode fe @ 3.552 GHz, 









The two couplings k1 and k2 have different sign thus tend to cancel each other. This results in a mininum 
(null in theory) overall coupling between the two cavity modes. In practice, the iris length is suggested 
to be chosen considrablely far from the mutation area to avoid a high sensitivity of the coupling amount. 
As shown in Figure 5.3.7.2, when the iris length is longer than half of the wavelength, the magnitude of 
the pseudo-electric coupling is inversely proportional to the iris length. In this case, the maxinum 
achievable coupling (outside the mutation zone) from the horizontal iris is around -0.020, smaller than 
what can be achieved from probe.  
The width of the horizontal iris also affects the coupling and their relationship is shown in Figure 
5.3.7.4. The coupling strength is proportional to the iris width W however the slope gradually decrases 
with the increase of the iris width. The relationship between the height of the iris and the coupling is 
shown in Figure 5.3.7.5. It indicates the coupling has the maximum strength at the half height of the 
cavity and decreases when the location offsets from the center.  
For the 8-pole all-iris design expressed by the coupling matrix in (5.5), it has been observed from the 
simulation that the maximum realizable percentage bandwidth is around 1.2% (<42 MHz @ 3.5 GHz). 
The threshold parameter is the center horizontal iris as analyzed above.  
 










Figure 5.3.7.5. Denormalized coupling coefficient vs. horizontal iris height T. 
 
5.3.8 All Iris Dual-band Filter with Wide BW 
Compared to the side-coupled iris, the end-coupled iris is capable to produce stronger coupling thus 
becomes a solution for the dual-band design with a wide bandwidth. Figure 5.3.8.1 shows the 
relationship between the denormalized coupling coefficient and the length X of the end-coupled iris. A 
considerably higher coupling can be achieved by the end-coupled iris compared to that from the side-
coupled iris. Another advantage of using end couplings is they do not generate extra over-modes close 
to the passband. This also benefits the wide band design. 
The target bandwidth for the wide-band design is 60 MHz and the channel center frequencies are 3.4 
and 3.6 GHz. Figure 5.3.8.2 shows the internal layout of the 8-pole wide-band dual-band filter. The 
structure uses a combination of end-coupled and side-coupled resonators implementing of the block 
diagram in Figure 5.3.1.1. The end-coupled irises featuring stronger coupling are employed to realize 










Figure 5.3.8.1. Denormalized coupling coefficient vs. end-coupled iris length X. 
 
Figure 5.3.8.2. Internal layout of the proposed wide-band 8-pole dual-band filter. 
The designed wide-band dual-band filter assembly is comprised of 6 parts (including 3 irises) and was 
manufactured with aluminum material as shown in Figure 5.3.8.3. Figure 5.3.8.4 shows the measured 
out-of-band responses of the proposed filter compared with the HFSS simulation. The measured RL is 
around 25 dB. The measured IL at center frequencies of the two channels is 0.35 and 0.42 dB worse 
than the simulated IL 0.15 and 0.20 dB. The degradation of IL is mostly due to the imperfect surface 









the passbands and is over 35 dB at the low side of the passbands. The high side rejection is worse than 
that from simulation due to the spurious TE211 mode at 3.78 GHz.  
                   
(a)                                                          (b) 
Figure 5.3.8.3.  (a) Explosive view of the wide-band dual-band filter assembly and (b) 
manufactured wide-band dual-band filter assembly. 
 
Figure 5.3.8.4. Out-of-band responses of the 8-pole wide-band dual-band cavity filter (fixed line: 









As shown in Figure 5.3.8.5, the elliptical cavity of the wide-band dual-band filter is also modified to 
improve the spurious-free window. Figure 5.3.8.6 illustrates the improvement of out-of-band 
performances after implementing the cavity modification. The low side TM011 spurious disappears and 
the high side TE211 spurious starts to rise at 3.84 GHz. The measured spurious level is expected to be 
even lower than the simulated responses due to the limited Q of the spurious modes. 
 
Figure 5.3.8.5.  Internal layout of the proposed wide-band 8-pole dual-band filter with cavity 
modification.  
 
Figure 5.3.8.6. Comparison of out-of-band responses of the 8-pole wide-band dual-band cavity 










The chapter has first presented a unique dual tri-section structure consists of dual-band and single-
band rectangular waveguide cavities that result in dual-band filter and diplexers of compact size, high 
Q, multiple transmission zeros and improved spurious response. All features have been experimentally 
validated by an 8-pole Ku-band diplexer. Secondly, a novel folded configuration of dual-band bandpass 
filter based on dual-mode elliptical cavity resonators has been presented. The dual-quadruplet module 
offers a further reduced footprint compared to many previous reported structures and generates a pair of 
transmission zeros for each of the passband by only inductive iris. Approaches to improve the out-of-
band spurious response and bandwidth limitation have been discussed and considerable improvement 
has been observed from the EM simulation. The design concept has been validated by two 8-pole C-
band prototypes. The proposed filter configuration can be easily extended to higher order-filters while 












Waveguide Triple-Band Bandpass 
Filters  
 
6.1  Introduction 
In this chapter the previous design concept of dual-band filter is extended to triple-band filter within 
a similar waveguide cavity structure. The design complexity dramatically increased from the following 
aspects: 
 The triple-mode cavity resonator is more difficult to design because the three modes need to 
be managed operating in three different designated frequencies and the mutual-coupling 
between any modes need to be as small as possible for this application. 
 The spurious-free window of triple-mode resonator is more challenging to maintain because 
of the employment of more higher-order modes.  
 The coupling mechanism is more difficult to realize for the triple-mode resonator because 
the configuration need to feed three signal paths simultaneously and have the capability to 
control the power distribution to the three modes.  
 The realization of transmission zeros in the triple-band filter become extremely challenging 
because of the difficulty to establish cross-coupling paths respectively for each channel 










6.2   Triple Band Filter with Elliptical Resonator 
6.2.1 Elliptical Triple-mode Resonator 
In chapter 4 and 5, elliptical cavities have been used to realize dual-mode resonator for the applications 
of dual-band bandpass filter. In this chapter, the elliptical cavity is employed to realize a triple mode 
resonator for the first time. The operating modes in the elliptical cavity are the degenerated TE111 modes 
and the TM010 mode as shown in Figure 6.2.1.  
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(a)                                                              (b) 
            
                                            (c)                                                          (d)                                                            ( e) 
Figure 6.2.1. (a) Elliptical triple-mode resonator layout, (b) transversal cross-section of the 
elliptical cavity, and (c, d, e) electrical field vector of TE111_V, TE111_H, and TM010 modes.  
The triple resonators in each cavity can be tuned at specified frequencies by a proper combination of 
two diameters a, b along the two elliptical axes and the cavity length l. The three polarized modes are 
orthogonal resulting extra degree of isolation and to be designed to carry three passband signals. The 
resonant frequencies of the three modes in the elliptical resonator can be approximately calculated by 
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where c represents the speed of light, and p’11 and p01 represent the first roots of Bessel functions for 
TE11 and TM01 modes respectively. From the equations, the frequency differentiations among the three 
polarized modes are generally determined by the ratio of a, b and l. Tuning screws along corresponding 
polarized directions can be added to provide extra degrees of controlling the three polarized frequencies. 
By performing an eigenmode analysis with full-wave EM software, resonant modes can be calculated 
in the elliptical triple-mode cavity. For cavity dimensions of a = 1.26”, b = 1.02”, and l = 2.45”, and 
considering a structure made of copper, the resonant frequencies and the unloaded Qs are listed in Table 
6.1. In our case the first three modes are of interest. The adjacent modes TM010 and TM011 are nearly 550 
MHz higher, yielding an acceptable spurious-free window. In the elliptical cavity in Figure 6.2.1(a), 
tuning screws are located along vertical, horizontal and zenith axes, providing the flexibility to adjust 
the resonant frequencies of each band. The three modes in the elliptical triple-mode cavity are considered 
to be not coupled (A weak coupling does exist when frequencies of the three modes are close). Intra-
coupling only happens between adjacent cavities by modes with the same E-field orientation. For 
instance, the horizontal TE11m in cavity 1 will only couple with the horizontal TE11m in cavity 2. For the 
first and last cavities, the input and output waveguides excite the three quasi-orthogonal modes in these 
cavities simultaneously. 
Table 6.1 Resonant modes in the elliptical triple-mode cavity 
Mode Frequency (GHz) 
 from Eigen-mode Simulation 
Frequency (GHz)  
from Equations (6) to (8) 
Unloaded Q 
TE111_V 3.675 3.656 18479 
TM010 4.065 3.991 18319 
TE111_H 4.168 4.158 19963 
TM011 4.728 - 15127 









6.2.2 Inter-Cavity Coupling 
The signals in the proposed triple-band filter configuration in Figure 6.2.2.1 are transmitted along 
three parallel non-interacting paths; hence, inter-cavity coupling only occurs between resonant modes 
with the same orientation. In this case, a hybrid structure composed of a horizontal iris, a vertical iris 
and an electrical probe (see Figure 6.2.2.2) is developed to couple three polarizations with minimum 
interaction and is thus suitable for designs with relatively small guard-band. The horizontal iris, vertical 
iris and electrical probe are used to couple the TE111_v, TE111_H and TM010 modes respectively. The 
dimensions of the irises and probes are determined by the coupling matrix parameters from all channels. 
Using Eigen-mode simulation by placing an electric and magnetic wall along the symmetry plane, six 
eigen-mode frequencies are calculated as shown in Table 6.2. The de-normalized coupling coefficients 
ki are then computed by the equations (6.4), 
















,   i = 1, 2, 3                                                              (6.4) 
The ideal coupling mechanism for the triple-band design needs to include adjustable parameters 
sensitive to only one particular mode / passband. Figs. 6.2.2.2 (a)-(c) show the relationship between 
each subsection of inner coupling structure and the denormalized coupling coefficients. The results 
indicate that the horizontal iris is sensitive to the TE111_ V mode and the vertical iris is sensitive to the 
TE111_H mode, while the electrical probe dominates the coupling to the TM010 mode. Thus the proposed 
configuration has a capability of controlling the coupling along the three signal paths individually. It is 
worth to note that the accuracy of equations (6.4) decreases when the frequencies of the three bands are 
close to each other’s, due to a non-negligible coupling between the three modes in one cavity. The iris 












Figure 6.2.2.1.  Equivalent circuit of the proposed tri-band filter. (TR: triple-mode resonator). 
 
                            (a)                                                                          (b) 
 
(c) 
Figure 6.2.2.2. Relationship between inter-cavity coupling coefficients and (a) the horizontal iris 










Eigenmode simulation results for inter-cavity Coupling when L1=0.99 inch, L2=1.04 inch and L2 
= 0.73 inch 
Mode Eigenmode Frequencies (GHz) Coupling Coefficients by Equation (6.4) 
TE111V_Cav1 f1 = 3.615 
k1 = 0.0145 
TE111V_Cav2 f2 = 3.668 
TM010_Cav1 f3 = 3.972 
k2 = 0.0134 
TM010 Cav2 f4 = 4.031 
TE111H_Cav1 f3 = 4.082 
k2 = 0.0147 
TE111H_Cav2 f4 = 4.137 
 
 
6.2.3   Input / Output Coupling 
The excitation of multiple modes in a single cavity has always been a significant challenge, especially 
when the number of passbands exceeds two. Recent reported dual-band cavity filter structures [24] [25] 
have both modes excited by a tapped probe or a rectangular iris. These coupling structures provide 
limited independent control of the external Q when dealing with two modes.  
A common option of excitation in a rectangular cavity is to use a coaxial cable penetrating 
perpendicularly inside the cavity to provide coupling to a single mode. For the proposed triple-band 
filter, a novel “L-shape” coaxial probe is devised, as shown in Figure 6.2.3.1. In this mechanism, four 
parameters L1, L2, ΔL and θ can be tuned to determine the input coupling strength and distribution to the 
degenerated TE111 and TM010 modes. Figs. 6.2.3.2 (a)-(d) show the relationship between the parameters 
and the reflected group delay. In general, L1 mainly determines the coupling to TE111_H mode, L2 mainly 
determines the coupling to TM010 mode, ΔL determines the overall coupling to the TE111_V and TE111_H 
modes, while θ controls the distribution of overall coupling to the two modes. Such a configuration is 
capable to fully control the input coupling for the three operating modes while keeping the structure 
simple. In Figs. 6.2.3.3 (a) and (b), three balanced group delay peaks corresponding to the three input 
couplings are designed with different values at the desired frequencies, which proves an dedicate and 














(a)                                                                             (b) 
Figure 6.2.3.1. (a) Front and (b) side view of external coupling structure of the elliptical resonator.   
      
(a)                                                                             (b) 
 
(c)                                                                              (d) 










                                        (a)                                                                          (b) 
Figure 6.2.3.3. Reflected group delay of (a) 5.5ns and (b) 21ns for the triple-band filter.   
 
6.2.4   Elliptical-cavity Triple-band Filter Design 
In order to prove the feasibility of the proposed approach, a 9-pole C-band triple-band filter is 
designed. Following the procedure in chapter 3, the 3N+2 (N=3) coupling matrix is achieved in (6.5) 
with a CF = 4.0 GHz and BW = 36 MHz.  
0 1.434 0 0 1.331 0 0 1.387 0 0 0
1.434 11.88 1.537 0 0 0 0 0 0 0 0
0 1.537 11.41 1.537 0 0 0 0 0 0 0
0 0 1.537 11.88 0 0 0 0 0 0 1.434
1.331 0 0 0 0.00 1.421 0 0 0 0 0
0 0 0 0 1.421 0.00 1.421 0 0 0 0
0 0 0 0 0 1.421 0.00 0 0 0 1.331
1.387 0 0 0 0 0 0 11.30 1.424 0 0






 0.83 1.424 0
0 0 0 0 0 0 0 0 1.424 11.30 1.387




























Figure 6.2.4.1 shows the layout of triple-band filter with elliptical cavities based on the above inter-
cavity and external coupling concepts. The initial dimensions of each sub-section are achieved by the 
method introduced in the previous sessions. The initial overall responses (i.e. S-parameters) of the full 
passband are then divided into three sub-bands (e.g. low: 3.6-3.9 GHz; mid: 3.9~4.1 GHz; high: 4.1~4.4 
GHz). Each of the sub-band response can be optimized to the ideal response from its corresponding N+2 
coupling matrix individually with EM / numerical optimization methodologies [70]-[71]. The final EM 
responses are compared with the responses of coupling matrix as shown in Figure 6.2.4.2. The in-band 
performance matches well. The difference of transmission zero locations are due to the frequency 
dispersion of the TE and TM waveguide mode. The dispersion effect will get improved if using a higher 
order filter or decreasing the design bandwidth. 
 
Figure 6.2.4.1. Layout of elliptical cavity triple-band filter. 
 
Figure 6.2.4.2. EM simulation response vs. coupling matrix response of the triple-band filter with 









As mentioned earlier in chapter 3, the sign of particular coupling matrix parameters of the proposed 
triple-band filter affects positions of the transmission zeros between the passbands. In Figure 6.2.4.1 the 
two connectors are 180° apart in the first and last cavity, resulting 180° phase difference of the same 
mode in the first and the last cavity. This results in “out-of-phase” condition at the two frequencies 
between passbands leading to the generation of two transmission zeros as shown in Figure 6.2.4.3. The 
phase calculation along each path can follow the approach in Table 3.1. Figure 6.2.4.3 shows different 
distributions of transmission zeros with different locations of input and output probe.   
 
 




Figure 6.2.4.3. S21 responses with two coaxial ports in parallel (circle), symmetric with short axis 









The designed triple-band filter was manufactured from copper as shown in Figure 6.2.4.4. Figure 
6.2.4.5 shows the tuned near-band responses of the manufactured filter compared with the simulation 
responses. The measured RL is better than 20 dB and rejection between adjacent channels is more than 
50 dB. The measured IL is 0.22 to 0.25 dB reflecting a loaded Q in the range of 6500 to 7000. The 
achieved loaded Q is lower than expected likely due to the imperfect surface finishing and parts contact. 
The tuned frequencies of the low-band and mid-band are lower compared to the simulation due to limited 
tunability of the TM010 mode. 
 
Figure 6.2.4.4. Manufactured triple-band filter with elliptical cavity.   
 
 









The triple-band filter with elliptical cavity provides very compact layout and high Q. However the 
following drawbacks have been noticed during the design, manufacturing and tuning: 
1) Due to the in-line configuration, tuning screws for the TM010 mode can be added only to the first 
and last cavities. This reduces the overall tunability of the triple-band filter to overcome the 
unavoidable tolerances during manufacturing, especially at higher frequencies.  
2) The stray coupling between three modes cannot be completely eliminated particularly when for the 
cases of narrow channel to channel separation.  
3) The next spurious mode at the higher frequency is relatively close to the passband, especially with 
wider channel bandwidth or wider guard-band. This affects the upper-side rejection of the third 
channel. Unfortunately the spurious-free window is difficult to be expanded due to the intrinsic 
mode distribution of the elliptical cavity. A cover filter will have to be added along with the triple-
band filter to suppress the close by spurious.  
4) The inner-cavity probe is attached with the iris by a support made by dielectric material with low 
permittivity (e.g. Teflon). In each iteration of tuning, the filter has to be first disassembled then the 
probe can be replaced with different length. After the probe length is determined, the probe, the 
support, and the iris need to be re-bonded together with RTV silicone glue which complicates the 
tuning process.  
5) High order filter functions lead to a rather long filter that might be restricted by certain layout 
















6.3    Triple-Band Filter with Rectangular Waveguide Resonators 
6.3.1 Rectangular Triple-mode Resonator 
For a rectangular waveguide structure, the resonant frequency of either the TEmnl or TMmnl modes is 
uniquely determined by their resonant wave number corresponding to the physical dimensions of the 
cavity “a”, “b” and “d”. For instance, the resonant frequency of the TE101 mode is determined by the 
cavity width a and length d; the resonant frequency of TE011 is determined by the cavity height b and 
length d; and the resonant frequency of TM110 is determined by the cavity width a and cavity height b, 
as stated in (6.6)-(6.8):      
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  ,                                                            (6.8) 
For a rectangular waveguide resonator with width “a”, height “b” and length “d”, it is well known that 
increasing the “b” dimension can effectively improve the quality factor of the TE10m mode. However, 
the spurious-free window will decrease due to the cut-off frequency of the TE01 mode (i.e., the first 
spurious mode after increasing “b”) shifting closer to the pass band. In the proposed structure, the 
spurious modes TE011 and TM110 are employed together with the TE101 mode to associate with the three 
pass-band frequencies. Hence, the “b” dimensions are dramatically increased with respect to three 
polarizations in the triple-mode cavities, resulting in higher Q for all channels. The consequence is that 
the spurious performance is expected to be degraded as a result of the cut-off frequency of the next 
resonant mode (e.g., TE111) drifting toward the passband.  
An Eigen-mode analysis is performed to calculate the resonant frequencies and unloaded Q, as listed 
in Table 6.3. The first three modes (TE101, TM110 and TE011) are used to realize the three passbands 
respectively in the filter. The next mode (TE111) is nearly 700 MHz higher leading to a significantly 









6.2. The electrical field distribution of the three operating modes is shown in Figure 6.3.1. The intra-
coupling only occurs between adjacent cavities by the modes with the same E-field orientation. The 
intrinsic isolation between the orthogonal modes provides a minimum interaction between the three 
single paths. Three tuning screws are located on the three adjacent planes of each triple-mode cavity 
resonator to provide independent control of the three resonant frequencies.  
 







a = 2.2 
b = 1.9 
d = 2.4 
TE101 3.62 16716 
TM110 3.83 17104 
TE011 4.04 17566 




     
                                      (a)                                                 (b)                                                    (c) 
Figure 6.3.1. E-field vector of TE101, TM110, and TE011 modes in a rectangular triple-mode resonator.  
 
6.3.2    Intra-Cavity Coupling 
The inner coupling structure for the rectangular triple-mode resonator is a combination of a horizontal 
iris, a vertical iris and an electrical probe for coupling TE101, TM110 and TE111 modes, respectively. The 









resonator, the cross iris between the rectangular resonators is closer to the top surface. The electrical 
probe is crossing at the opening of the vertical iris and can be easily attached with the housing lid open. 
Such design is more flexible for the tuning adjustment. The dimensions of the irises and probes are 
determined by the coupling matrix parameters extracted from Eigen-mode simulation. The de-




Figure 6.3.2.1. Inter-cavity coupling structure for rectangular triple-mode resonator.   
 
Similar to the elliptical resonator, the inter-resonator coupling of each channel only occurs between 
adjacent cavities by the modes with the same E-field orientation. Therefore, the ideal coupling 
mechanism needs to include adjustable parameters sensitive to only one particular mode. Figure 6.3.2.2 
(a) illustrates the relationship between the denormalized coupling coefficients of the three modes and 
the length of the probe. The TM110 mode can be controlled by the probe length, while the other two 
modes are not sensitive to the electrical probe coupling. The relationship between the coupling 
coefficient and the length of the vertical iris is shown in Figure 6.3.2.2 (b). A strong coupling to the 
TE011 mode can be achieved by the vertical iris. Figure 6.3.2.2 (c) illustrates the coupling distribution by 
the horizontal iris. The horizontal iris provides a strong coupling to the TE101 mode as well as a 









cavity center thus parallel with the magnetic field of the TM110 mode. Such stray coupling effect can be 
easily compensated by the electrical probe coupling as shown in Figure 6.3.2.2 (a).    
  
(a)                                                                              (b) 
  
(c) 
Figure 6.3.2.2. Relationship between inter-cavity coupling coefficients and (a) the probe length, 
(b) the vertical iris and (c) the horizontal iris.  
6.3.3   Input / Output Coupling 
The “L-shape” coaxial probe proposed in chapter 6.2.3 can also be used to excite the three orthogonal 
modes in rectangular triple-mode resonators. In Figure 6.3.3 (a) and (b), the parameters L1, L2, ΔL and θ 
can be tuned to determine the input coupling strength and distribution to the TM110, TE101 and TE011 
modes. The influence of the four above parameters on the input coupling coefficients is studied and 









coupling to the TE101 and TE011 modes, while L1 and θ controls the distribution of overall coupling to the 
two modes. It is worth to note that the external couplings achieved in the rectangular resonator is 
relatively smaller than those achieved in the elliptical resonator case because the coaxial connector is 
located physically further from the center of the cavity where the maximum E-fields of all the three modes 
locate. However the coupling strength can be increased by increasing the diameter of the probe L1 and L2.     
ΔL
L2




                                             (a)                                                               (b) 
Figure 6.3.3. (a) Right view, and (b) front view of the input/output coupling structure for the 
rectangular triple-mode resonator. 
 
Table 6.4 Parametric Study of Physical Parameters Relating to the Input /Output Couplings 
 of the Three Rectangular Waveguide Modes  
 TE101 TM110 TE011 
L1 (+) (+) (-) (-) 
L1 (-) (-) (+) (+) 
θ (+) (-) (-) (+) 
θ (-) (+) (+) (-) 
L2 (+) (-) (+) - 
L2 (-) (+) (-) - 
ΔL (+) (-) - (-) 
ΔL (-) (+) - (+) 
 










6.3.4   Folded Triple-band Filter Design with Rectangular Cavities 
The proposed structure is illustrated by a 12-pole triple-band filter as shown in Figure 6.3.4.1. Four 
triple-mode resonators operating in TE101, TE011 and TM110 modes are connected to form a folded 
configuration. Compared to the in-line configuration, the folded configuration provides convenience to 
add tuning screws on all three polarlizations thus improving the tunnablity of the three passbands.   
 
Figure 6.3.4.1. Internal structure of a 4th-order proposed triple-band filter. 
The design is based on the coupling matrix in (6.9) with a CF = 4.0 GHz and BW = 20 MHz, giving 
the center frequencies of the three pass-bands are at 3.6, 3.8 and 4.0 GHz, respectively. The designed 
triple-band filter was manufactured with two parts (a housing and a lid), both from copper, as shown in 
Figure 6.3.4.2. The filter showed an improved tunablity and ease-of-assembly compard with the 
ellilptical cavity design. Figure 6.3.4.3 shows the measurement near-band response of the proposed 
filter. The measured RL is better than 23 dB and rejection between adjacent channels is more than 55 
dB. The insertion loss is 0.38 to 0.46 dB, reflecting a loaded Q in the range of 7800 to 8500. The tuned 











electrical probes affecting frequency and coupling of the TM110 mode. A transmission zero is observed 
between the middle and high passbands because of an “out of phase” condition at the frequency between 
the TE011 and TM110 paths. In Figure 6.3.4.4, the out-of-band spurious rise at about 4.5 GHz, indicating 
a wider spurious-free window compard to the design with elliptical cavties. 
0 1.317 0 0 0 1.266 0 0 0 1.250 0 0 0 0
1.317 20.753 1.273 0 0 0 0 0 0 0 0 0 0 0
0 1.273 20.552 0.9177 0 0 0 0 0 0 0 0 0 0
0 0 0.9177 20.552 1.273 0 0 0 0 0 0 0 0 0
0 0 0 1.273 20.753 0 0 0 0 0 0 0 0 1.317
1.266 0 0 0 0 0.007 1.195 0 0 0 0 0 0 0
0 0 0 0 0 1.195 0 0.864 0 0 0 0 0 0




.195 0 0 0 0 0
0 0 0 0 0 0 0 1.195 0.007 0 0 0 0 1.266
1.250 0 0 0 0 0 0 0 0 19.699 1.145 0 0 0
0 0 0 0 0 0 0 0 0 1.145 19.505 0.825 0 0
0 0 0 0 0 0 0 0 0 0 0.825 19.505 1.145 0
0 0 0 0 0 0 0 0 0 0 0 1.145 19.699 1.250




































































The rectangular waveguide design is another triple-band filter solution having a number of advantages 
and disadvantages compared to elliptical designs.    
Advantages: 
 The three operation modes TE101, TE011 and TM110 in the rectangular waveguide have higher 
degrees of orthogonality than the modes in the elliptical waveguide, generating less stray coupling 
between either modes. Therefore the rectangular waveguide design are more suitable for the applications 
with relatively smaller passband separations.  
 The rectangular cavity design has a wider spurious free window compared to that of the elliptical 
cavity. Figure 6.3.4.4 shows the measured out-of-band rejection measurement. The spurious rises at 
about 4.45 GHz.   
 The triple-band filter based on rectangular waveguide is easier to form a folded configuration. 
This provide accessibility of adding more tuning elements to control the self-coupling and sequential 
coupling on each channel path.    
 
Disadvantages: 
 The external couplings achieved in the rectangular resonator is relatively smaller than those 
achieved in the elliptical resonator case because the coaxial connector is located physically further from 
the center of the cavity where the maximum E-fields of all the three modes locate. The bandwidth of 
each channel could be limited as a consequence.  
 The IL will be slightly higher for the rectangular waveguide design due to a lower Q of the 
operating modes in rectangular waveguide compared to those in elliptical waveguide.   
 
6.4    Conclusion 
The triple-band filters have been realized by two different high-Q waveguide resonator structures. 
Each cavity resonator employs triple-modes with resonant frequencies associated with the three 
passbands. Such approach provides the most significant size and mass saving while maintaining a high 









of the filter was controlled by a dedicated polarization and represented by an inline direct-coupled set 
of resonators. The second design was a rectangular-cavity triple-band filter with a folded configuration. 
Compared to elliptical cavity design, the three modes in the rectangular resonator have higher degree of 
orthogonality making it easily to independently control the inter-resonator couplings of three modes. 
The folded configuration overcomes a number of drawbacks from the elliptical in-line design including 
an improved tunability and ease of assembly, while has a relatively lower Q and narrower realizable 














Dielectric Triple-Band Bandpass 
Filters  
 
7.1    Introduction 
The waveguide triple-band filters feature high Q however presents a major size constrain particularly 
when operating at low frequencies. The high permittivity dielectric filters [60] feature high Q and 
reduced volume, offering a popular solution in narrow-band satellite and wireless commutation systems. 
In [4], the high permittivity dielectric resonator is modified by cutting a number of slots to improve the 
spurious-free window. The modified resonator is used to implement a dual-band filter. In this section,     
a triple-band filter is proposed based on triple-mode dielectric resonators, providing a compact size with 
enhanced quality factor. The triple-mode resonator is implemented by a high permittivity dielectric of a 
cuboid shape enclosed by a metallic housing. Such resonator structure supports TEH, ½ HEE and ½ 
HEH modes, producing three parallel and nearly non-interacting paths. The unique dielectric resonator 
structure still allows independent control of the center frequencies of three passbands by shaping the 
dielectric resonator through the introduction of specific slots.   
7.2    Triple-mode Dielectric Resonator 
The proposed triple-mode dielectric resonator is machined from a single piece of Trans-Tech 3500-
series ceramic dielectric material with a dielectric constant of 35. The dielectric material is cut to a 
cuboid shape and machined with four slots (S1, 2×S2, and S3) as illustrated in Figure 7.2.1. Slots S1 and 
S2 are in parallel and are located at center and quarter positions of the top surface. Slot S3 is located at 









HEH [60] as operating modes for three designated passbands. Their electric-field distributions are shown 
in Figure 7.2.2. Such resonator configuration demonstrates a number of characteristics,  
1) The use of slots eliminates the degenerated counterparts of the operating ½ HEE and ½ HEH modes. 
2) The slots provide extra degrees to fine-tune resonant frequencies of each mode, i.e. S1 to control 
TEH mode, S2 to control ½ HEH mode and S3 to control ½ HEE mode. 
3) The slots help to shift the TME mode of original rectangular dielectric resonator to achieve a 
considerable spurious-free window.   
4) They have minimal impact on unloaded Q of each mode. 
D
L







Figure 7.2.1. Triple-mode dielectric resonator.  
The unique configuration of the dielectric resonator provides a two-level frequency control for each 
mode, i.e. a rough control by choosing the D/L ratio and a fine control by adjusting the length of the 
slots S1, S2 and S3 in the dielectric resonator. A mode chart of the proposed dielectric resonator is shown 
in Figure 7.2.3. The chart demonstrates frequency distributions of the first four resonant modes of the 
dielectric resonator with different D/L ratios. The three modes with lower frequencies (TEH, ½ HEH 









mode is considered as spurious. It might be noticed the HEH and HEE mode have almost identical 
frequency spacing over the whole D/L range, thus a further degree of frequency controlling of the modes  




Figure 7.2.2. Views of electrical field distribution of the TEH01, ½ HEH11 and ½ HEE11 modes. 
 
Figure 7.2.3. Mode chart of a triple-mode dielectric resonator with D = 0.69 in, Ɛr = 35, and 1×1×0.9 









is required. Figs. 7.2.4 (a)-(c) demonstrate the relationship between the mode frequencies and the slot 
lengths S1, S2 and S3. The TEH and HEE modes can be independently controlled by S1 and S3 
respectively, while S2 affects both TEH and HEH mode. 
With a proper selection of D/L and the slot lengths S1, S2 and S3, specific combinations of passband 
frequencies as well as spurious-free window can be achieved. In this case D/L is chosen to be 1.9, 
resulting three passbands at around 3.8, 4.0 and 4.2 GHz with the next spurious mode at around 4.84 
GHz as summarized in Table 7.1. The unloaded Q of the three dielectric modes is relatively lower than 
the waveguide modes however consuming a much smaller size. It is worth noting the three operating 
modes are not fully orthogonal-polarized, resulting in small parasitic coupling between any two modes. 










Figure 7.2.4. Relationship between mode frequencies and slot lengths (a) S1 (top view), (b) S2 (top 









Table 7.1 Resonant modes in the Dielectric Triple-mode Resonator 
Dimensions (inch) Mode Frequency (GHz) Unloaded Q (with 
copper cavity) 
D = 0.69 
L = 0.35 
Ɛr = 35 
TEH  3.82 13637 
½ HEH  4.04 15404 
½ HEE 4.24 13566 
Spurious 4.84 15290 
   
 
7.3    Intra-Resonator Coupling 
The inter-resonator coupling is realized by a horizontal iris, a vertical iris and an electrical probe as 
shown in Figure 7.3.1, coupling TEH, ½ HEE and ½ HEH modes respectively. The two inner iris 
branches are designed in a long rectangular shape and the electrical probe can be adjusted vertically 
crossing the inter-cavity wall. The relationship between each sub-section and the couplings to the three 
modes are demonstrated in Figure 7.3.2 (a)-(c), proving the configuration is effective to couple the three 
dielectric modes independently with minimum interactions. Using Eigen-mode simulation by placing 
electric and magnetic walls along the symmetry plane [12], the sequential coupling coefficients of the 
three paths can be calculated as per equations (9). The corresponding dimensions of the irises and probes 
are then determined accordingly. 
 










                                             (a)                                                                (b) 
  
(c) 
Figure 7.3.2. Relationship between inter-cavity coupling coefficients and (a) the horizontal iris, (b) 
the vertical iris and (c) the probe length.  
7.4   Input/output Coupling  
For the dielectric triple-band filter, the input/output coupling can be realized by a probe located 
parallel to one edge of the dielectric resonator as shown in Figure 7.4.1. The field distribution of the 
dielectric loaded resonator is more complicated than waveguide resonator and large percentage of 
electric field is stored inside the high permittivity dielectric puck. A change of the relative location (X1, 
L1 and D1) of the probe would affect all three operating modes simultaneously but with different degrees. 
In Table 7.2, the distance X1 has a major impact on the coupling to the ½ HEE and ½ HEH mode but 









mode, with a minor effect on ½ HEE.  Moving the probe further/closer (increasing or decreasing D1) 
from the resonator decreases/increases the coupling to TEH and ½ HEE mode. An interactive process 
might be required to design the specified input couplings for each mode. Examples of reflected group 
delay distributions to the three modes at around 3.8, 4.0 and 4.2 GHz are shown in Figure 7.4.2. Such 
configuration is capable to fully control the input/output coupling for the three dielectric modes while 
maintaining a simple structure.  
 
    
                                    (a)                                                                    (b) 
Figure 7.4.1. (a) Top view, and (b) front view of the input/output coupling structure for the 
dielectric triple-mode resonator. 
 
Table 7.2 Parametric Study of Physical Parameters relating to the Input /Output Couplings of 
the Three Dielectric Modes  
 TEH ½ HEH ½ HEE 
X1 (+) Minor (+) (-) (-) 
X1 (-) Minor (-) (+) (+) 
L1 (+) (-) (-) Minor (-) 
L1 (-) (+) (+) Minor (+) 
D1 (+) (-) Minor (+) (-) 
D1 (-) (+) Minor (-) (+) 
       














                           (a)                                                             (b) 
 
  
                           (c)                                                             (d) 
Figure 7.4.2. Input reflected group delay of (a) balanced 15 ns, (b) balanced 30 ns, (c) 20-25-30 ns, 















7.5     Dielectric Triple-band Filter Design  
A 9-pole C-band triple-band filter is demonstrated to prove the feasibility of the proposed approach. 
The design layout is shown in Figure 7.5.1. The coupling matrix is in (7.1), with CF = 4.0 GHz and BWs 
are all 20 MHz.  
 
0 1.426 0 0 1.351 0 0 1.353 0 0 0
1.426 20.77 1.568 0 0 0 0 0 0 0 0
0 1.568 20.50 1.568 0 0 0 0 0 0 0
0 0 1.568 20.77 0 0 0 0 0 0 1.426
1.351 0 0 0 0.01 1.438 0 0 0 0 0
0 0 0 0 1.438 0.00 1.438 0 0 0 0
0 0 0 0 0 1.438 0.01 0 0 0 1.351
1.353 0 0 0 0 0 0 19.77 1.409 0 0






 9.51 1.409 0
0 0 0 0 0 0 0 0 1.409 19.77 1.353


















     (7.1) 
 
The filter is manufactured with a copper housing as shown in Figure 7.5.2. The resonators are 
supported in the cavities using Ultem material with a dielectric constant of 3.5. The measurement near-
band and out-of-band response of the proposed filter is shown in Figure 7.5.3 and Figure 7.5.4. The 
measured return loss is better than 17 dB and good rejection is achieved between adjacent channels, 
reaching 60 dB. The in-band insertion loss for the three channels is between 0.36 to 0.41 dB, reflecting 
a loaded Q in the range of 7500 to 8000 at ambient temperature. The tuned frequencies of the passbands 
are slightly shifted from the simulation due to the machining tolerances and the variation of dielectric 
permittivity. Phase reversal between two adjacent paths results in two transmission zeros, located 
between adjacent channels. A thermal test with the operating temperature from -20°C to 60°C was 
performed to show the stability of the dielectric filter. As can be seen in Figure 7.5.5 the low and high 
channel are very stable while a very minor deviation in return loss is observed in the middle channel. 
The extracted coefficient of thermal expansion is 2.1 ppm/°C, comparable to that from conventional 










Figure 7.5.1. Structure of a 3rd order dielectric triple-band filter.  
 
 










Figure 7.5.3. Measured Near-band S-parameter of the dielectric triple-band filter.  
 











Figure 7.5.5. Measured thermal performances of the dielectric triple-band filter.  
 
 
7.6 Comparison between the Three Realizations of Triple-Band Filters 
and Design Procedure 
In Table 7.3, the three realizations of the triple-band filtering configuration are compared in terms of 
RF parameters, volume, design/manufacturing complexity and tunability. The design with dielectric 
resonators offers the most efficient Q over size, but require more sophisticated design and tuning 
iterations.  
Table 7.3 Comparison of the Realizations of Triple-band Filter at 4 GHz 
 Qu Vol. per Res.  Qu/V Design  
Challenge 
Tunability 
Ellip. WG ~19000 ~320 cm3 59.3 Medium Medium (+) 
Rect. WG ~17000 ~300 cm3 56.6 Medium High 










The design procedure of the proposed class of the triple-band filters can be summarized according to 
the flow chart in Figure 7.6 with the major steps outlined below:  
Step 1: Synthesis of coupling matrix of each channel filter. These matrices need then to be normalized 
to the CF and BW of the center channel. 
Step 2: Combine the three sub-coupling matrices and perform a simple optimization of the coupling 
matrix to achieve the desired rejection and return loss of each channel. . 
Step 3: Define the triple-mode resonator with desired realization (waveguide or dielectric) having 
three operating resonant modes at the designated frequencies. Make sure sufficient spurious-free 
window is obtained.  
Step 4:  Identify the inter–resonator coupling structure that independently yields the coupling 
coefficients associated with the three resonant nodes. .  
Step 5: Identify the input/output coupling configuration to achieve the required reflected group delay 
peak values of the three passbands.  
Step 6: Use EM simulation to realize the physical dimensions of the all inter-resonator and 
input/output coupling and simulate the overall filter to get the initial response.  
Step 7:  In the optimization process, treat the triple-band filter as three single-band filters and perform 
the EM / numerical optimization to each channel filter individually.  
Step 8: Fine optimization of filter performance can be done experimentally through the use of tuning 
screws.     
7.7    Conclusion 
A triple-band bandpass filter realized using dielectric resonators has been presented in this chapter. 
The unique dielectric triple-band filter design harness the advantages of very compact size with high Q, 
and allows independent control of each coupling matrix parameters. The concept has been demonstrated 
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Tunable Multi-band Filter  
 
8.1    Introduction 
As a key building block for any flexible transceiver, tunable filters have been in great demand in a 
wide range of applications from software defined radios to reconfigurable satellite payloads. The two 
critical parameters for tunable filters that operate wireless base station and satellite applications are high 
Q, and consistent selectivity over the entire tuning range. Consistent selectivity is important due to the 
expensive frequency spectrum of any communication system and high Q is always desired to minimize 
the system noise figure as well as maximize the output power. For tunable filters, to be used in such 
applications, they have to exhibit Q values and selectivity comparable to that achieved by the existing 
fixed filter technologies.  
Over the past years, several papers have been reported in literatures employing tuning elements such 
as semiconductor, MEMS, piezoelectric actuators and motors [26]-[59]. Mechanically tunable cavity 
filters offer higher unloaded Q compared to the filters with other tuning mechanism.  The simplicity and 
low cost of the mechanically tuned implementation further makes them a strong candidate for the new 
generations of communication systems. In this chapter, an approach to realize a tunable constant 
bandwidth with single tuning element is first introduced for a single band filter. The approach is then 
extended to a multi-band filter. Adding tunability to the multi-band filter will further increase the 












8.2    Tunable Filter with Constant Bandwidth 
Tunable filters employing tuning elements for the CF control have been reported in many literatures 
[18][72]. A common drawback of those tunable filters is the change in bandwidth and the degrading RL 
and IL over the tuning range. This issue is attributed to the changes of the coupling parameters as a 
function of CFs when the filter is driven over the tuning range. The relationship between the coupling 
parameters and CF is shown in (8.1).   






  ,                                                                (8.1) 
where Mij and Kij are the normalized and denormalized coupling coefficients between two resonators 
respectively. To maintain a constant bandwidth across the tuning range, Mij and BW remains constant 
provided that f0 × Kij remains constant as the f0 changes. Therefore the denormalized coupling coefficient 
Kij should vary inversely with the change of the tuning frequency. 
Another criterion of achieving constant bandwidth is to maintain the normalized input/output 
impedance R, which is related with the filter bandwidth and group delay at the resonance as shown in 
(8.2). For a constant absolute bandwidth, the group delay peak τ (ω0) [60] of the input/output reflection 
coefficient should remain constant across the tuning range.  






 ,                                                            (8.2) 
Besides the couplings, the resonator of the tunable filter is desired to have a high unloaded Q and a 
wide tuning range. Further, a smooth variation of frequencies with respect to the actions from the tuning 
mechanism is usually required from the specification.  
 
8.3    Single-band Tunable Filter Design 
A 5-pole Ku-band Chebyshev filter with a synthesized coupling matrix is R1 = R4 = 1.027, M11 = M22 










The basic building block is the combline resonator with square center conductor shown in Figure 
8.3.1(a). The square center post contributes relatively less unloaded Q compared to cylindrical post but 
benefits the intra-cavity coupling. Chamfers are added at the bottom of the center post improving the 
unloaded Q from 2900 to 3200 observed by Eigen-mode simulation. In Figure 8.3.1(a), a 2-56 screw 
penetrating from the cavity lid is used to adjust the CF of the resonator. The relationship between the 
CF and the penetration depth of the screw is shown in Figure 8.3.1(b). It can be observed that a screw 
penetration of 0.06” is adequate to realize close to 800 MHz frequency tuning.    
 
         
(a) (b) 
Figure 8.3.1 (a) Layout of combline resonator, and (b) frequency variation over tuning range.  
 
8.3.2 Intra-cavity coupling 
Figure 8.3.2(a) illustrates the intra-cavity coupling realization by a vertical iris at the center of the 
cavity sidewall between the two combline resonators. The coupling between two combline resonators is 
a combination of inductive and capacitive coupling although the inductive coupling usually dominates 
with the open-wall iris structure. In the combline resonator, the electric field is more concentrating 
between the top of the resonator and the tuning screw, while the magnetic field has more focusing near 









the physical gap between center post and the tuning screw gets smaller resulting in an increase of the 
electric/capacitive coupling. Meanwhile the magnetic coupling also increases because of an increase of 
overall metallic surfaces. These two coupling variations counter with each other and the overall effect 
depends on the ratio of height of the center post (P) and height of the cavity housing (H). In this case, 
the ratio of H and P is around 2. A minimum variation of Mij can be achieved with the change of the 
tuning screw penetration in two adjacent resonators, as shown in Fig 8.3.2 (b). 
 
  
                              (a)                                                                                          (b) 
Figure 8.3.2 (a) Sequential coupling, and (b) simulated Mij over tuning range.  
 
8.3.3 Input/output coupling 
Based on (8.2), the reflected group delay is required to have a constant peak value during the tuning 
range to achieve a constant bandwidth.  An EM model of the end resonator loaded with a coaxial probe 
is shown in Figure 8.3.3. Three probe parameters, namely the probe length (L1), the probe height (H1), 
and the distance to the center post (D1), control the external coupling of the filter. It is observed that the 
probe length L1 is critical for maintaining a constant group delay peak over the tuning range. A common 
approach is to achieve a constant level of group delay peak by only adjusting L1 , and then adjust other 
two parameters (H1 and D1) to balance the coupling strength. In Figure 3(b), a group of reflected group 











(a)                    (b) 
 
Figure 8.3.3 (a) Input coupling, and (b) group delay vs. tuning screw penetration.  
 
8.3.4 Filter Design  
Using the above technologies the 5-pole Ku-band filter is designed and swept over the desired 
frequency range by only adjusting the tuning screw penetrations. The simulated S-parameters of the 
filter over the tuning range are depicted in Figure 8.3.4. The filter achieves a stable RF response over a 
frequency range of 14 GHz to 14.8 GHz by adjusting penetration of the tuning screws. The RL is lower 
than 18dB, and the bandwidth variation over the tuning range is less than 1%.  
            
                                        (a)                                                                                (b) 









8.3.5 Tuning Screw Moving Synchronization  
The filter response at any tuning stage can be represented by a coupling matrix normalized to the 
initial stage (e.g. @ the highest frequency corresponding to the minimum penetration of tuning screws). 
The diagonal parameters Mii of the coupling matrix can be expressed by equation (8.3), 









    ,                                                            (8.3) 
where fi and f0 represent frequencies at current and initial stage respectively, and FBW represents the 
fractional bandwidth at the initial stage. From stage f0 to stage fi, all the resonators are shifted by the 
same electrical amount Mii, which indicates a possibility to realize the tuning by one single element.  
Assuming the tuning screw penetration of all resonators at fi is D1i, D2i, D3i…. Dni (n = filter order), and 
the tuning screw penetration of all resonators at fj is D1j, D2j, D3j…... Dnj, the condition for the single-
element control is: 
1 1 2 2 3 3j i j i j i nj niD D D D D D D D        .                             (8.4) 
For each combline resonator, the resonant frequency is mostly determined by the height of the center 
post Hnj and depth of the tuning screw penetration Dnj. An Eigen-mode simulation sweeping for different 
heights of the center post is performed for each resonator, to pursue an identical variation of the tuning 
screw penetration over any frequency change as stated in (8.4). The procedure can follow three main 
steps as below: 
Step 1: Complete the initial design as per section 8.3.1-8.3.4. The resonators could have the same post 
height with different screw penetrations, or have the same screw penetration with different post height.  
Step 2: Perform Eigen-mode simulation to one reference resonator. It is recommended to choose the 
center resonator (resonator 3 in this case) reference since most of the filter structures are symmetrical. 
The variation of the tuning screw penetration (e.g. D3j - D3i) versus the variation of the Eigen-mode 
frequencies (e.g. f3j – f3i) are recorded as the synchronized target for other resonators.  
Step 3: Perform Eigen-mode simulation to other resonators until they are synchronized to the reference 









achieving an identical variation of tuning screw penetration (i.e. Dnj – Dni = D3j - D3i ) and frequency 
change (i.e. fnj – fni = f3j – f3i) simultaneously to the reference. 
Step 4: Perform a re-simulation as per section III with new resonators, to confirm the coupling 
parameters unchanged over the tuning range. 
The results after the resonator adjustment are shown in Table 8.1, where Δf and ΔD are the variation 
of frequency and tuning screw penetration respectively during the tuning stage change. The variations 
of the screw penetration as well as the frequency shift for all resonators are synchronized with small 
error. The total tuning frequency range is around 750 MHz. 
 
Table 8.1 Results After the Resonator Adjustment 
Items Resonator 3 Resonator 2,4 Resonators 1,5 
Center Post Height (inch) 0.1281 0.1271 0.1243 
Stage 1 to 
Stage 2 
Δf1 (MHz) 32 32 31 
ΔD1 (inch) 0.008 0.008 0.008 




215 216 215 
ΔD2 (inch) 0.025 0.025 0.025 




520 520 520 




8.4   Experimental Result of Single-band Tunable Filter  
The filter is manufactured with a copper housing. As shown in Figure 8.4.1, the five frequency tuning 
screws are assembled into a fixed plane mounted with a tuning station, while the filter body is supported 
by another movable plane of the tuning station. During tuning the supporting plane on the bottom of the 
filter moves up/down resulting in an increase/decrease of the tuning screw penetration thus shifting the 
filter. Figure 8.4.2 shows the measured response of the proposed filter. The 300MHz bandwidth is 
maintained and the RL is better than 17 dB over the 700MHz tuning range. The IL is higher than 
















(a)                                                                                  (b) 
Figure 8.4.2.  (a) Measured S21 and (b) measured S11 over the tuning range by adjusting the 
tuning plate.  









The approach of designing tunable single band filter introduced in previous chapters can be migrated 
to develop a tunable multi-band filter with a constant bandwidth, however with the following conditions: 
1. The multi-band filter need to be representable by a coupling matrix, i.e. not including any non-
reciprocal hardware (e.g. circulator) or multiple filters.  
2. The multi-band filter need to be realizable by the combline technology with pure iris couplings.  
3. The external coupling for the multiple passbands need to be maintained simultaneously.  
The three conditions narrow down the multi-band filter topologies to the two structures shown in Figure 
8.5.1 (a) and (b). For both cases, there is only single external coupling required for the triple-band design 
so the condition 3 is satisfied. Meanwhile, both cases are convenient to be represented by coupling 
matrix and are able to be implemented with combline resonators thus satisfying the conditions 1 and 2. 
Compared to the configuration in Figure 8.5.1 (b), the configuration in Figure 8.5.1(a) has smaller 
number of intra-cavity coupling thus benefit the physical realization. The configuration in Figure 8.5.1(a) 
















                                                         (a)                                                                           (b) 
Figure 8.5.1:  Triple-band filter realization by inserting in-band transmission zeros (a) bandstop 
resonator method, and (b) cross-coupling method. 
 









The 9-pole triple-band filter is designed with CFs at 2.17, 2.2, and 2.23 GHz and 2 in-band 
transmission zeros at 2.182 and 2.218 GHz. The block diagram of the triple-band filter is shown in 
Figure 8.5.1.1. The coupling matrix of the triple-band filter in (8.5) can be synthesized as per the 
approach in [22]. 
 
Figure 8.5.1.1:  Block diagram of the triple-band filter  
 
0 0.956 0 0 0 0 0 0 0 0 0
0.956 0 0.457 0 0.799 0 0 0 0 0 0
0 0.457 0 0.408 0 0 0 0 0 0 0
0 0 0.457 0 0 0 0 0 0 0 0
0 0.799 0 0 0 0.457 0 0.799 0 0 0
0 0 0 0 0.457 0 0.408 0 0 0 0
0 0 0 0 0 0.408 0 0 0 0 0
0 0 0 0 0.799 0 0 0 0.457 0 0.956
0 0 0 0 0 0 0 0.457 0 0.408 0
0 0 0 0 0 0 0 0 0.408 0 0





































8.5.2  Intra-cavity couplings  
Figure 8.5.2.1(a) and (b) illustrate the intra-cavity coupling realization by a vertical iris at the center 
or at side of the cavity sidewall between the two combline resonators. To maintain a symmetric layout 
of the filter, the center iris is implemented at the center branch, i.e. between the resonators 4~ 6, while 
the side iris is implemented at the side branch, i.e. between the resonators 1~3, and 7~9. It is observed 
that the relative position of the iris has minimum impact on the stability of coupling strength over the 




                                        (a)                                                                           (b) 










Figure 8.5.2.2:  Variation of coupling parameters with the change of tuning screw penetration.  
 
8.5.3 Input / Output couplings  
The EM model of the external coupling of the triple-band filter is shown in Figure 8.5.3.1 (a). The 
external coupling of the filter is controlled by the probe length (L1), the probe height (H1), and the 
distance to the center post (D1). In this case the probe length L1 is bended around the first resonator to 
fit in the cavity while maintaining a constant group delay peak over the tuning range. In Figure 












                                                                              (b) 
 
Figure 8.3.3 (a) External coupling, and (b) reflected group delay vs. tuning screw penetration.  
 
 
8.5.4 Triple-band Filter Design 
The 9-pole C-band triple-band filter is designed and swept over the desired frequency range by only 
adjusting the tuning screw penetrations. The layout of the tunable triple-band filter is shown in Figure 
8.5.4.1. The simulated S-parameters of the filter over the tuning range are depicted in Figure 8.5.4.2. 
The filter achieves a stable RF response over a frequency range of 200 MHz by adjusting penetration of 
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the tuning screws. The simulated RL is lower than 18dB, and the bandwidth variation over the tuning 
range is less than 1%.  
 
Figure 8.5.4.1.  Layout of the C-band triple-band tunable filter.  
 
 









Similar to the single-band tunable filter, the synchronization process of the tuning screws of the triple-
band filter is performed as per section 8.3.5. The summary after the resonator adjustment are shown in 
Table 8.2, where Δf and ΔD are the variation of frequency and tuning screw penetration respectively 
during the tuning stage change. The variations of the screw penetration with respect to the frequency 
shift for all resonators are synchronized with small error, i.e. less than 0.002 inch. The total tuning 
frequency range is around 200 MHz. 
 
Table 8.2 Results after the Resonator Adjustment (Triple-band) 
 Resonator Height 
(inch) 
Stage 1 to Stage 2 Stage 2 to Stage 3 
Δf1 (MHz) ΔD1 (inch) Δf2 (MHz) ΔD2 (inch) 
Resonator 1, 9 0.925 100 0.056 100 0.036 
Resonator 2, 8 0.914 100 0.055 100 0.036 
Resonator 3, 7 0.933 100 0.056 100 0.036 
Resonator 4 0.822 100 0.054 100 0.036 
Resonator 5 0.912 100 0.054 100 0.037 
Resonator 6 0.93 100 0.055 100 0.036 
 
8.5.5 Tuning fixture  
A special tuning screw fixture is designed to accommodate the movement of the tuning station. As 
shown in Figure 8.5.5.1 (a) and (b), the fixture has threads on the top half of the post, mounting with the 
jig plane that attaches with the tuning station in the later step. The non-threaded part of the tuning fixture 
penetrates through the filter lid so the filter housing can move vertically equivalent to the change of the 
screw penetration. A further supplement of the tuning fixture is shown in Figure 8.5.5.2, each tuning 
screw hole on the filter lid is soldered with a copper patch with a number of fingers providing electrical 
contract to the tuning fixtures. This assembly greatly improves the stability of the filter responses, as 











                              (a)                                                                   (b) 



















8.5.6 Experimental Result of Multi-band Tunable Filter 
The filter and the jig plane are manufactured with a copper housing. As shown in Figure 8.5.6.1, nine 
frequency tuning screws are assembled into the jig plane mounted with a tuning station. The filter 
housing is supported by another movable plane of the tuning station. During tuning the supporting plane 
on the bottom of the filter moves up/down resulting in an increase/decrease of the tuning screw 
penetration thus shifting the filter. Figure 8.5.6.2 shows the measured responses at different frequency 
stages of the proposed filter. A tuning range over 170MHz is maintained with the RL better than 15 dB. 
The IL is higher than expectation due to an imperfect manufacturing of the filter housing especially at 
the tuning screw area. 
 










(a)                                                                                (b) 
  
                                 (c)                                                                                (d) 
Figure 8.5.6.2 Different tuning stages of the triple-band filter (a) CF 2.24 GHz, (b) CF 2.20 GHz, 
(c) CF 2.11 GHz, and (d) 2.07 GHz 
  
8.6    Conclusion 
Tunable single-band and triple-band filters using combline resonators employing a single tuning 
element have been presented. A detailed design approach for filter parameters has been presented to 
achieve a constant bandwidth over the tuning range by a single element control. The concept has been 
experimentally validated by a 5-pole Ku-band single-band and 9-pole C-band triple-band design. The 















9.1    Contributions 
In this dissertation, we focused on theoretical and practical aspects of cavity-based multi-band 
bandpass filters and multiplexers. The major contributions of this research are outlined as follows, 
 After reviewing a number of different approaches to realize cavity-based multi-band filter, the 
approach of using multi-mode resonators has been chosen for all the proposed designs considered 
in this thesis because of its unbeaten advantages of size saving while not sacrificing the unloaded 
Q. To facilitate the design of such class of the multi-band filter, a systematic and practical 
approach to synthesis the multi-band coupling matrix based on the traditional synthesis approach 
of single-band filter has been presented in chapter 3 [77][80].   
 A dual-band filter using elliptical dual-mode resonators is presented in chapter 4 [79]. Each 
passband of the dual-band filter was controlled by a dedicated TE11m polarization and represented 
by an inline direct-coupled set of resonators, thereby allowing a simple design process. The 
detailed design approach for each parameter of the proposed structure was discussed and verified 
by a 16-pole Ku-band dual-band filter. The dual-band structure can be easily converted to a 
diplexer structure by modifying the output ports at the last resonators. 
 To demonstrate dual-band filters with transmission zeros for each of the passbands, a new dual-
band design based on the proposed dual-trisection module has been presented in chapter 5 
[73][79]. The unique dual tri-section structure consists of dual-band and single-band rectangular 
cavities that result in dual-band filter or diplexers of compact size, high Q, multiple transmission 
zeros and improved spurious response. All features have been experimentally validated by a 4th 
order Ku-band diplexer. Further, a novel folded configuration of dual-band bandpass filters 









quadruplet module offers a reduced footprint compared to many previous reported structures and 
generates a pair of transmission zeros for each of the passband. The first implementation is a side 
coupled design. The design has a very compact layout and can be realized with pure inductive 
coupling irises.  The second implementation is a combination of side-coupled and end-coupled 
design aiming for wider bandwidth applications. Approaches to improve the out-of-band 
spurious response have been discussed and considerable improvement has been observed from 
the EM simulation. The design concept has been validated by two 8-pole C-band prototypes. The 
proposed filter configuration can be easily extended to higher order filters while still maintain a 
compact size. 
 The triple-band filters have been realized by three different high-Q cavity resonator structures in 
chapter 6 and 7 [74][75][77][78][80]. Each cavity resonator employs triple-modes with resonant 
frequencies associated with the three passbands. Such approach provides the most significant 
size and mass saving while maintaining a high Q. The first design was an elliptical-cavity triple-
band filter with an in-line configuration. Each passband of the filter was controlled by a dedicated 
polarization and represented by an inline direct-coupled set of resonators. The second design was 
a rectangular-cavity triple-band filter with a folded configuration. Compared to elliptical cavity 
design, the three modes in the rectangular resonator have higher degree of orthogonality making 
it easily to independently control the inter-resonator couplings of three modes. The folded 
configuration overcomes a number of drawbacks from the elliptical in-line design including an 
improved tunability and ease of assembly. The last design was a triple-band filter design based 
on dielectric resonators. The unique dielectric resonator structure results in triple-band filters 
having a very compact size, high Q, and stable thermal response. The detailed design approach 
for each parameter of the three proposed triple-band structures was discussed and all features 
have been validated through the realization and measurement of filter prototypes.  
 A tunable single-band filter using combline resonators employing a single tuning element has 
been presented in chapter 8. A detailed design approach for filter parameters has been presented 
to achieve a constant bandwidth over the tuning range by a single element control. The approach 
is then extended to realize a tunable triple-band filter. The triple-band filter achieved over 
170MHz tuning range with constant BW. The concept has been experimentally validated by a 5-











9.2    Future work 
This dissertation can be followed in different directions, some of which are highlighted as below.  
 Triple-band filter with quasi-elliptic responses. So far only chebyshev function has been 
realized in the triple-band filter. An interesting but challenging research could be to invent a 
cross-coupling mechanism for the triple-band cavity filter. The mechanism requires to have 
sufficient resolution to identify the relatively small cross-couplings of three individual paths 
from the inherent mutual-coupling among the triple resonant modes.  
 Individually tunable multi-band filter with constant BW.  So far the presented tunable multi-
band filter shift all the passbands at the same time and with the same drifting frequency. It could 
be interesting to investigate other prototypes of multi-band filter (e.g. multi-mode resonator 
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